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ABSTRACT

I examined the relationship between landscape attributes and molecular genetic
diversity and differentiation among lake trout (Salvelinus namaycush) populations
inhabiting a hierarchically structured dendritic freshwater system in northern Labrador,
the Kogaluk River system. Samples were collected from a total of 10 lakes which
differed in size, elevation, level of connectivity, and position within the system.
STRUCTURE analysis provided evidence of significant population structure within the
system likely attributed to a varying degree of asymmetric gene flow. Gene flow
estimates were generally low with some exceptions. Gene flow appears to be influenced
by the presence of waterfalls as well as geographic distance. Isolation by distance tests
coupled with decomposed pairwise regression analysis suggest there is a significant
influence of geographic distance on population differentiation. Mantel testing also
showed that population differentiation is significantly correlated with the position of
waterfalls. Estimates of effective population size reveal significantly smaller population
sizes in headwater than in non-headwater lakes, and this pattern is not attributed to lake
size. Effective size estimates also suggest that the populations south and west of the
Kogaluk River fjord are significantly smaller than those in the north.

xi
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CHAPTER 1: INTRODUCTION

Understanding the spatial distribution of genetic diversity or genetic structure of
populations and the factors affecting this distribution is a fundamental goal in
evolutionary and conservation biology. Genetic structure has been estimated in countless
natural systems and organisms worldwide ranging from humans (Rosenberg et al. 2002),
to fishes (Roy et al. 2012), to insects (Pizarro et al. 2008; Seyahooei ef al. 2011). Most
studies typically estimate structure using neutral genetic markers including
microsatellites. In addition, many studies are now inferring relationships between
environmental factors and genetic structuring. This specific field of study, known as
landscape genetics, aims to understand patterns of gene flow and local adaptation in the
context of the landscape (Manel et al. 2003; Storfer ef al. 2007), and uses the interaction
between the physical landscape and life history traits to account for current levels of
genetic structuring within a system. Genotypic information at multiple neutral markers
can be used to cluster individuals based on their genetic composition (Falush ez al. 2003),
and can also be combined with environmental and landscape data in general linear
models to assess the effects of these variables on patterns of diversity (Foll and Gaggiotti

2006).

It is important that neutral markers are used in a landscape genetics approach as
these markers yield unbiased estimates of population structure, gene flow, and genetic
variation (Schwartz et al. 2010; Manel et al. 2003). This however, does not discount the
importance of non-neutral markers in conservation genetic studies. Non-neutral markers

are very important for studying local adaptation (Reed and Frankham 2001; see Limborg



et al. 2012 for a recent example). In the context of this project however, it is important to
note that markers under selection can bias estimates of gene flow and population

structure (Schwartz et al. 2010) and thus lead to erroneous inferences.

The spatial distribution of populations in a geographically fragmented system can
create a complex distribution of genetic diversity within a system, making inferences
regarding population structure difficult. Freshwater systems are unlikely to conform to
ideal models such as the island model (Wright 1931), or the linear stepping-stone model
(Kimura and Weiss 1964), but likely fit the dendritic model, especially in areas consisting
of elevational gradients (Morrissey and de Kerckhove 2009). In a dendritic system, two
or more headwater source populations converge into a downstream population. Two or
more of these downstream populations then themselves converge into a further
downstream sink population. These dendritic systems are often associated with changes
in elevation which can result in asymmetries in gene flow because of the influence of
gravity (Morrissey and de Kerckhove, 2009). Such asymmetries can have significant
influence over the distribution of genetic diversity with downstream populations,
typically exhibiting higher genetic diversity than headwater populations (Morrissey and

de Kerckhove 2009).

The focal species of this study, Salvelinus namaycush has been researched in a
variety of large lakes (Giroux et al. 2009; Northrup et al. 2010), with an emphasis on the
Great Lakes region due in part to the drastic reduction in lake trout numbers by sea
lamprey (Martin and Olver 1980). However, there are relatively few studies on this
species in its northern habitat, and a dearth on population structure in northern

fragmented habitats. This concentration of effort in a limited segment of the species range



may skew our understanding of the ecology of the species as a whole. I should also note
that studies of the species in its southern range are often subject to issues regarding
anthropogenic influences such as overfishing, and the authors generally acknowledge this
lack of pristine status. These studies have shown that in general, lake trout exhibit a broad
range extending from Alaska to Nova Scotia, and into of the parts of the north-eastern
United States (Scott and Crossman 1973) where the species is generally considered a top
predator. Salvelinus namaycush is described as a nomadic species, and individuals have
been shown to travel up to hundreds of kilometers in larger lakes such as Lake Superior
(Martin and Olver 1980). This tendency for migration has been attributed to a variety of

factors, from feeding to oxygen content (Martin and Olver 1980).

My study system, located in Northern Labrador, is a dendritically structured
freshwater system closed to oceanic immigrants (Anderson 1985). Because of this
system’s northern location and lack of human influence, it is considered pristine. Several
pairs of lakes in this system are asymmetrically isolated from one another due to the
presence of waterfalls. Understanding how landscape variables influence genetic
diversity is one objective of this study, and I will be testing the effects of distance,
elevation, slope, the number of intermediate lakes, and the presence of waterfalls on

genetic diversity within this system.

Although studies of the population structure of lake trout in similar small
fragmented habitats are unavailable, studies from landlocked arctic charr suggest an
extensive degree of population structure within systems (Wilson et al. 2004; Bernatchez
et al. 2002; Primmer et al. 1999). Wilson et al. (2004) noted one particular extreme

example in which the Fsr between a single pair of lakes 50 km apart was estimated to be



0.627. In this same study, global estimates of Fsr from different geographical regions
ranged from 0.173 to 0.263, while Primmer et al. (1999) estimated a global Fsr of 0.360.
A recent study by Northrup ef al. (2010) measured the genetic structuring within a range
of western populations of lake trout and estimated Fsr values ranging from 0.014 between
two connected lakes of the same watershed, to 0.616 between two lakes in different
watersheds, separated by 780 km and likely belonging to different glacial lineages. A
study by Wilson and Hebert (1998) on postglacial dispersal of lake trout suggests that
lake trout from my region of study (Northern Labrador), originate from a single glacial
refugium, the Atlantic, thus I do not expect the same high values of Fsrevident in the

Northrup ef al. (2010) study between sample sites from different refugia.

With the unique life history of lake trout, the existence of physical barriers, as
well as the dendritic nature of the system, the concept of effective population size may
help disentangle some of the issues related to population structure and gene flow. In a
dendritically structured system with possible asymmetries in gene flow, genetic variation
is expected to be higher in downstream than headwater populations (Morrissey and de
Kerckhove 2009; Junker et al. 2012; Caldera and Bolnick 2008), which would therefore
reflect lower effective population size estimates in the headwaters. In essence, we can use
estimates of effective population size as a measure of diversity between various lakes

within a system.

Due to the dendritic spatial distribution of the lakes in this system, the presence of
large asymmetric barriers to gene flow, and the likelihood of asymmetric gene flow, I
expect higher levels of diversity in downstream populations than in upstream populations.

In addition, I expect that the waterfalls present in this system will play an important role

4



in genetically structuring this system, whereby populations for which connections are
mediated by one or more of these waterfalls will likely represent independent

populations.



CHAPTER 2: MATERIALS AND METHODS

2.1 System and Sampling Layout

The Kogaluk River system comprises a series of hierarchically interconnected
lakes on the barren grounds of Northern Labrador (Figure 2.1.1). The lakes are located
north and south of a major fjord lake (Cabot Lake), into which they all drain and which is
part of the Kogaluk River. Five major waterfalls are present in the system (Figure
2.1.1,WF1-5), the last one of which lies approximately 9 km upstream of the mouth of
the Kogaluk River, blocking immigration from the ocean (see Figure 2.1.1, WF5;
Anderson 1985). Fish populations in this system are therefore landlocked. All other
labelled waterfalls in Figure 2.1.1 are considered complete barriers to (upstream)
migration (Anderson 1985; see Table 2.1.1). Due to the northern geographical location

and distance from settled areas, the system is largely free from anthropogenic influence.

Salvelinus namaycush were collected from 11 lakes in the system between 2006
and 2011. Sample size for S. namaycush in one of these lakes (Mistastin Lake) was too
low for population level analysis, leaving a total of 10 lakes for this study. Nine of these
lakes are located on the barren grounds, six north, and the remaining three either west or
south of the Kogaluk River and Cabot Lake (Figure 2.1.1). Lake trout were sampled
using variable sized gill nets (1.27 cm to 8.89 cm diagonal). Fish were measured (total
length) and weighed, and otoliths and adipose fin clips were taken in sifu. Fin clips were
stored in 95% ethanol. In total, 567 lake trout were sampled from the various lakes (Table

2.1.1).
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Figure 2.1.1. Represented in this figure are the various sampled lakes and their
connecting water bodies. The Kogaluk River drains into the Atlantic Ocean via Voisey
Bay. WF1 to WFS5 represent the approximate locations of major waterfalls (gene flow
barriers) within the system.



Table 2.1.1. Waterfall number on figure 2.1.1, height of waterfall in meters, waterfall
angle in degrees, and the type of barrier to migration for each of the 5 main waterfalls in
the system. Source: Anderson (1985).

Waterfall Height  Falls Angle Barrier to upstream
number (m) ©) migration
WF1 15.3 90 Complete
WE2 12.2 90 Complete
WEF3 54 90 Complete
WF4 54 90 Complete
WEF5 9.2 60-90 Complete




2.2 DNA Extraction, Amplification, and Genotyping

Adipose fin tissue samples were digested with Proteinase K (Bio Basic Inc.,
Markham, Ontario) at 55°C for approximately 8 hours. The DNA was extracted from the
resulting digest using a Glassmilk protocol (Elphinstone ef al. 2003) with a Perkin Elmer
Multiprobe II plus liquid handling system (Perkin Elmer, Waltham, Massachusetts).
Random selections of DNA samples were electrophoresed on 2% agarose gel and
compared against a size standard in an effort to ensure sufficient quantity of DNA for
subsequent polymerase chain reactions. A suite of 13 loci were chosen on the basis of
their polymorphism and ease of scoring, SSA85 (O’Reilly et al. 1996), SCO215, SCO202
(Dehaan et al. 2005), OGOI1A (Olsen et al. 1998), SNAMSU06, SNAMSU12, SNAMSU(2
(Rollins et al. 2009), SFO334 (Perry et al. 2005), OTSG253b, OTSG83b (Williamson et
al. 2002), SCO102, SCO107 (Sewall Young unpublished), and OMM1105 (Rexroad et al.
2002). Eleven of these loci were arranged into 4 multiplex primer panels, following the
procedures of Qiagen master mix (Qiagen Inc., United States); the remaining two loci
were run individually (See Appendix A for multiplex primer panel arrangement and

annealing temperatures).

Multiplex PCRs were amplified in SpL reactions and in general contained 2.5uLl
of Qiagen Master Mix (Qiagen Inc., United States), 0.5uLQiagen Q-solution, 0.5uL
RNAse free water, 0.1-0.2uM fluorescently labelled forward primer, 0.1-0.2uM
unlabelled reverse primer, and approximately 50 ng of DNA. Single primers were also
amplified in SpL reactions containing 2.35uL of RNAse free water, 0.5uL 10X reaction
buffer (Bio Basic Inc., Markham, Ontario), 0.5uL MgSO, (Bio Basic Inc., Markham,

Ontario), 0.1uM fluorescently labelled forward primer, 0.1uM unlabelled reverse primer,



0.25U TSG polymerase (Bio Basic Inc., Markham, Ontario), 200 uM dNTPs (Bio Basic
Inc., Markham, Ontario), and approximately 50 ng of DNA. The thermocycler profile for
multiplex reactions consisted of 15 min at 95°C, 30 cycles of 94°C for 30 s, primer
specific annealing temperature for 1 min, 72°C for 1 min, followed by a final extension at
60°C for 30 min. For single primer reactions, the thermocycler profile consisted of 95°C
for 3 min, 30 cycles of 94°C for 30 s, primer specific annealing temperature for 45 s,

72°C for 1 min, and a final extension at 72°C for 5 min.

PCR products for multiplex reactions were diluted between 1:10 and 1:20 with
formamide depending on intensity, while single primer PCRs were diluted 1:20 with
formamide. The diluted product was then imaged on a set of 8 Licor 4200/4300 DNA
analyzers (LICOR, Lincoln, Nebraska). Individual genotypes were collected using SAGA
Automated Microsatellite Software 3.3 (LICOR, Lincoln, Nebraska) followed by manual
checking to ensure scoring accuracy. Genotypes were then run through
MICROCHECKER 2.2.3 (van Oosterhout ef al. 2004) to assess the presence of null

alleles, or scoring inconsistencies.
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2.3 Analysis
2.3.1 Test for Selection

Detection of molecular markers under selection is critical to the analysis of
population structure. Divergent selection leads to over-inflated Fsr estimates (Luikart et
al. 2003), potentially biasing inferences on gene flow, population structure, and proper
assignment of individuals to populations. I thus tested my microsatellite loci for
neutrality using the LOSITAN selection workbench (Antao ef al. 2008). The test
implemented in LOSITAN is based on the fact that for each level of expected
heterozygosity, there will be an expected distribution of Fsr values (Antao et al. 2008). If
the Fgrestimate at a particular marker is above or below the expected range, the marker is
assumed to be experiencing positive or balancing selection respectively, and should be
excluded from further analyses that assume neutrality (Luikart et al. 2003). I conducted
my analyses of selection using 300,000 permutations utilizing the stepwise mutation
model and with a sample size of 50, which is approximately the average sample size per

lake (56.7) in this study.
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2.3.2 Population Structure Analysis

Population structure was examined using the Bayesian approach implemented in
STRUCTURE 2.3.3 (Hubisz et al. 2009). The analysis was conducted hierarchically. I
first examined the entire data set and each identified cluster was then independently
subjected to further STRUCTURE analysis. This process was continued on individual
clusters until no further evidence of population structure was detected. I estimated the
most likely number of clusters based on the Evanno methodology (Evanno et al. 2005)
implemented in STRUCTURE HARVESTER v0.6.92 (Dent ef al. 2012). Each
independent STRUCTURE run was conducted using 10 separate iterations where each
iteration was run for 1,000,000 replications with an initial burn-in of 200,000. The results
of these 10 separate replications were then combined into a single population output
using the program CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) for the most likely

number for K, and visualized using the program DISTRUCT 1.1 (Rosenberg 2004).

12



2.3.3 Genetic linkage, Hardy-Weinberg equilibrium, Population Genetic Diversity,
Analysis of Molecular Variance

Genotypic linkage and conformity to Hardy-Weinberg equilibrium were both
tested using Arlequin 3.5.1.2 (Excoffier and Lischer 2010). Genotypic linkage between
all pairs of loci (per population) were estimated utilizing 20,000 permutations, while
conformity to Hardy-Weinberg equilibrium was tested for each locus and population
using 1,000,000 permutations and 100,000 dememorization steps. Results were then
subjected to sequential Bonferroni correction (Rice 1989) to maintain an overall type 1
error probability at 0.05. Per population observed (H,) and expected (H.) heterozygosities
were also estimated with Arlequin 3.5.1.2. Allele frequencies and allelic richness were
estimated using Fsrat (Goudet 2001). Private alleles were identified with GenAlEx 6.4
(Peakall and Smouse 2006). Genetic differentiation (Fst) was estimated using MSA 4.05
(Dieringer and Schlétterer 2003) using 100,000 individual MCMC replicates. Analysis of
molecular variance was conducted using Arlequin 3.5.1.2 utilizing 50175 permutations
both on the full dataset, and subsets consisting of only northern or southern lakes. Each
AMOVA was run locus by locus to account for variations in the degrees of freedom per
locus caused by missing data. By correcting for these missing data, I was able to get a

more accurate estimate (Arlequin 3.5 manual, Excoffier and Lischer 2010).
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2.3.4 Identification of Migrant Individuals, Effective Population Size and Gene Flow
Estimation

Potential immigrants were identified with GeneClass2 (Piry et al. 2004), which
uses a Bayesian method developed by Ranalla and Mountain (1997) for detecting
migrants using a Monte-Carlo re-sampling method (Paetkau et al. 2004). Individuals
identified as potential migrants were removed from the dataset prior to the estimation of
effective population size (N e)- N.s were then estimated for all lake populations on the
basis of the linkage disequilibrium method implemented in LDNe (Waples and Do 2008).
The program implements a bias correction for cases when the sample sizes are smaller
than the actual effective population size (Waples 2006). Estimation via LDNe was
conducted using the (P.;) critical value (allele frequencies greater than) 0.02, as
described by Waples and Do (2010) as all my sample sizes were >25, with 95%
confidence intervals generated via jackknifing between pairs of loci. Gene flow was then
estimated using BayesAss+ (Wilson and Rannala 2003) which uses a Bayesian
framework to infer recent migration rate. BayesAss+ was run for 5,000,000 iterations

with an initial burnin of 1,000,000, all other variables used default values.
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2.3.5 Isolation by Distance

In an effort to determine which factors are influencing differentiation a Mantel
test of isolation by distance test was conducted using the Mantel function available in
GenALEx, utilizing 9,999 permutations. Input data for this program were calculated
using MSA 4.05 for pairwise Fgt estimates and ArcGIS Desktop: Release 10 (ESRI
2011) for pairwise waterway distances. Fsr values were linearized [(FST/(1-FST)] prior
to testing distance (Rousset 1997). Due to the presence of physical barriers (waterfalls) in
this system, simply testing for a relationship between genetic and geographic distance by
means of correlation can mask populations which may be uniquely influenced by some
sort of environmental barrier (Koizumi et al. 2006). As a result, a decomposed pairwise
regression analysis was conducted, whereby outlier populations that deviate from the IBD
pattern can be determined using the mean and 95% confidence interval values obtained
from the residuals of all pairwise comparisons between genetic and geographic distance.
Populations considered “putative outliers” were those for which the 95% confidence
interval of their residuals did not include 0. Initial putative outlier populations were
subsequently removed one by one, and the analysis was repeated. This process continued
until no further putative outliers were found. This created several models (combinations
of removed “putative outlier” populations). These models were then subjected to analyses
using Akaike’s information criteria (AIC) which allows for the identification of “true
outliers” from the combinations of “putative outliers” based on AIC value (see Koizumi

et al. 2006 for additional method details).
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2.3.6 Estimating Effects of Various Landscape Factors

A number of landscape factors have the potential to be quite influential with
regards to population differentiation within this system. In addition to the IBD test
described above, I examined the effects of the presence or absence of migratory barriers
(waterfalls assumed to be complete barriers to upstream migration). Binary data were
used to indicate presence or absence of waterfalls (1: waterfall present; 0: no waterfall). I
also estimated the correlation between genetic differentiation and elevational difference
between pairs of lakes, as well as average waterway slope (simply calculated as the
change in elevation between lakes divided by the waterway distance; Stelkins et al.
2012), and the number of intermediate lakes between sampled lakes. Following methods
implemented by Kanno ez al. (2011), I used a series of Mantel tests to examine possible
correlations between the matrices comprised of different environmental variables and the
pairwise Fgt matrix. The tests were conducted using the vegan: Community Ecology
Package (Oksanen ef al. 2012) available for R instead of GenALEXx (see: IBD section)
because of the relative ease of inputting multiple independent matrices. These Mantel
tests were conducted using both the full dataset and a subset - the northern lakes, to
account for any influence or bias from environmental factors. Significance levels for all

analyses were kept at 0=0.05.

The effect of landscape characteristics on population structure was tested using
GESTE (Foll and Gaggiotti 2006). GESTE estimates the influence of environmental
(landscape) factors on genetic diversity by calculating population Fgt values, and
comparing these values with environmental factors using a general linearized model. The

same five environmental factors were used as with the Mantel tests, however they
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required transformation to fit program standards — a single value for each factor per
population. The mean value of all pairwise comparisons was used for geographic
distance, slope, elevation difference, and the number of intermediate lakes. For each
sampled lake, I accounted for the effect of waterfalls by calculating the number of

sampled lakes which were physically connected without waterfall barriers.
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CHAPTER 3: RESULTS

3.1 General Statistics

There was no evidence of null alleles reported from MICROCHECKER, nor
evidence of scoring errors as a result of stutter in any of the loci. Tests using LOSITAN
showed potential evidence of positive selection for one out of 13 loci (i.e. locus SCO215;
Figure 3.1.1. Recent studies suggest that detecting loci under selection by means of an
outlier approach, as incorporated into LOSITAN, may be problematic due to the
detection of false positives especially when there is evidence of hierarchical population
structure (Narum and Hess 2011). As a result, I realize that this marker, SCO215, may
not be under selection. However, to eliminate any concern regarding the neutrality of this
marker, I decided to exclude it from further analysis. Of the remaining 12 loci, observed
(Ho) and expected (Hg) heterozygosities ranged from 0.433 to 0.569 and from 0.41 to
0.57, respectively. Allelic richness (Ag) ranged from 3.50 to 4.76 (Table 3.1.1). There
was no evidence of deviation from Hardy-Weinberg equilibrium within any of the 10

putative populations (see Table 3.1.1).

Linkage disequilibrium tests performed with the 12 neutral loci showed that one
locus pair (Otsg83b and Scol07) consistently appeared linked in each of the 10
populations (see Table 3.1.1 and Appendix B). Sequential Bonferroni correction using a
dataset with 12 loci would allow 3 linked pairs at a=0.05 to be present per population due
to chance alone (66 comparisons per population multiplied by the error rate of 0.05).
However, the same two loci appeared linked consistently (a result that is unlikely due to

chance alone), thus I assumed that these two loci are indeed linked. Such linkage could
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bias results including the assessment of population structure (Kaeuffer ef al. 2007);

therefore one of the loci had to be excluded.

I preliminarily tested for the potential effect of this linkage on the estimation of
effective population size prior to the removal of first generation migrants. N.s with all 12
neutral loci were substantially lower than after exclusion of either one of these two linked
loci. In most cases, eliminating either of these loci resulted in > 100% increase in N.,
some significantly more (Table 3.1.2). I thus eliminated locus Otsg83b from further

analysis on the basis of its failure rate.
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Figure 3.1.1. LOSITAN results after analysis for microsatellite markers under selection.
The red shaded area represents potential positive selection, the yellow area represents
potential balancing selection, and the gray area indicates the region of selective
neutrality. The blue points represent each of the 13 microsatellite markers. Locus
SCO215 is within the red shaded area (positive selection — higher than expected Fsr for
the estimated level of heterozygosity) while all other loci exhibited Fsr values consistent
with selective neutrality.
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Table 3.1.1. Lake, headwater (HD) versus non-headwater (NHD), sample size, Latitude and Longitude, elevation in meters above sea
level (MAS), expected and observed heterozygosity (He, and H,, respectively), allelic richness (A;), presence or absence of population
linkage disequilibrium (LD), conformance to Hardy-Weinberg equilibrium (HWE), and maximum measure depth in meters.

Lake Name Lake Order N  Latitude Longitude Elevation (MAS) H, H, A, LD HWE Depth (m) Area2
Km
Lake 1 Headwater 79 N S56°40'31.7" W 64°00'07.5" 525 049 049 439 No Yes 3.9 (11.3 )
Genetics H  Non-headwater 81 N 56°36'13.7" W 63°52'09.1" 512 0.5 0.51 4.1 No Yes 6.5 2.81
Slushy Headwater 50 N S56°24'56.2" W 64°06'08.1" 464 0.5 0.53 371 No Yes 15.3 2.99
Strange Headwater 55 N56°17'24.8" W 63°56'53.4" 487 052 052 4 No Yes Unavailable 2.09
Esker Non-headwater 48 N 56°24'53.4" W 63°40'15.1" 431 048 047 458 No Yes Unavailable 49.84
WP152 Headwater 47 N 56°22'08.7" W 63°29'30.5" 445 049 0.51 3.68 No Yes 16.1 4.14
T-Bone Headwater 41 N56°09'09.7" W 63°56'21.2" 468 0.52 051 476 No Yes Unavailable 19.76
Cabot Non-headwater 54 N 56°08'27.9" W 62°37'52.4" 60 0.57 0.57 4.67 No Yes Unavailable 25.39
Genetics B Headwater 50 N 56°06'384" W 63°23'18.9" 239 047 0.53 439 No Yes 27 9.71
Hawk Headwater 62 N S56°02'52.1" W 63°35'544" 466 041 043 35 No Yes 21 5.74
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Table 3.1.2. Estimates of effective population size and the 95% confidence intervals illustrating the effect of including linked loci.

Full Dataset Without SCO107 Without OTSG83b
Lake Effective Size 95% CI. Effective Size 95% CI. Effective Size 95% CI.
Lake 1 93 36.4 -0 220 86.1 - © 208.1 83.8 -
Genetics H 72.4 24.6 - o0 203 75.4 -0 241.7 76.7 - o0
Slushy 78.6 233-00 230.6 37.9 -0 192.5 359 -
Esker 544.7 31.3-o Undefined 141.5 - oo Undefined 102.7 - ©
Strange 48.7 12.2 -0 205.2 67.6 - 0 190.5 64.9 - ©
WP152 68.8 17.1 - Undefined 100.0 - Undefined 102.5 -
T-Bone 28.4 9.5-494.4 90.1 36.9 -0 65.2 30.7-458.1
Cabot 185.8 454 -0 Undefined 126.0 - © 2323 115.1 -
Genetics B 46.2 24.8-1334 47.5 26.3-1259 50.4 26.9-155.5
Hawk 24.7 11.6 - 63.6 39.6 19.2 -124.0 37.6 18.8-105.5




3.2 Population Structure Analysis, Genetic Diversity, and Gene Flow

An initial STRUCTURE analysis with 11 loci and using the entire dataset
indicated K=2 (Figure 3.2.1a). Each of these population components was then examined
separately resulting in K=5 and K=4 within each original pool, with S. namaycush in two
lakes, Esker and WP152 being genetically indistinguishable (See Appendix C for
likelihood plots). No further substructure was detected in any of the remaining lakes

resulting in a total of nine genetic pools.

Pairwise Fsr estimates indicated all populations differed significantly from each
other with the single exception of lakes Esker and WP152, supporting the results of
STRUCTURE. The inferred relationships between sampled lakes, based on Fgr results,

are shown in the Principal Coordinates Analysis illustrated in Figure 3.2.3.

Estimates of molecular variance were conducted at all levels of hierarchical
population structure. At K =2, the AMOVA results reveal that 4.28% of the total genetic
variation is explained by differences among groups, while a further 8.31% is explained
by differences among populations within groups, indicating that the group of lakes within
the northern cluster vary genetically from the group of lakes in the southern cluster by
approximately 12.59% (Table 3.2.1). The same test conducted solely on the northern
cluster (with Lakes Esker and WP152 pooled) reveals that 5.23% of the genetic variation
is explained among the five groups, while a further 0.71% is explained by variation
among individuals within populations (Table 3.2.2). Finally, within the southern cluster,
the individual lakes vary genetically from each other by approximately 14.11% (Table

3.2.3). All AMOVA results are significant (p <0.05; Tables 3.2.1-3.2.3).
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Pairwise gene flow estimates varied greatly within this system (Table 3.2.4 m=
0.001 to m= 0.288), with the majority of estimates suggesting little to no gene flow
between lakes. The highest gene flow estimate is that from Esker Lake to Lake WP152
(M= 0.288) which is consistent with STRUCTURE identifying these populations as one
genetic cluster. This gene flow is unidirectional as the migration rate from WP152 to
Esker is substantially less (= 0.002). Additional relatively high gene flow estimates are
evident in this system and predominantly follow an asymmetric pattern from the northern
lakes to Lake Genetics B south of the Kogaluk River Fjord. These rates range from m=
0.003 to m=0.138 into Lake Genetics B. These results also appear consistent with
STRUCTURE results, as genetically, individuals from Lake Genetics B appeared more
similar to northern lakes than did other southern populations (Figure 3.2.1). However,
these results are not consistent with the current geographical waterway corridors and

waterfall positions.
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Figure 3.2.1. Hierarchical population structure analysis based on 11 neutral loci. Salvelinus namaycush were collected from 10 lakes
in the Kogaluk River system of northern Labrador. Lines represent individual admixture coefficients (Q). (A) entire system indicating
2 separate clusters. (B) lakes from the initial grouping in (A) in which all individual lakes except Esker and WP152 exhibit unique
population structure. (C) illustrates the differences between the lakes from the initial second grouping of (A). Finally, (D) indicates
that lakes Esker and WP152 are genetically indistinguishable.
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Figure 3.2.2. Principal coordinate analysis (11 neutral loci) conducted using the pairwise Fy estimates obtained with MSA. Coordinate
1 (the x axis) accounts for 35.67% of the variation, while coordinate 2 (y axis) accounts for a further 25.01% of the variation.
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Table 3.2.1. AMOVA results for the full system indicating the amount of genetic
variation explained by various groupings. This is an average degree of freedom computed
by obtaining the mean value of locus by locus AMOVAs(*).

Source of Variation d.f. Sum of Variance Percent P-value
Squares components variation

Among groups 1.00  94.40 0.13 4.28 <0.001

Among populations  8.00  236.63 0.26 8.31 <0.001

within groups

Within populations #1046 2822.17 2.72 87.41 <0.001

Total 1055  3153.20 3.11
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Table 3.2.2. AMOVA results for the northern cluster lakes indicating the amount of
genetic variation explained by various groupings. This is an average degree of freedom
computed by obtaining the mean value of locus by locus AMOVAs (*).

Source of Variation d.f. Sum of Variance Percent  P-value
Squares components variation

Among groups 4.00 101.42  0.15 5.23 <0.001

Among populations  1.00  4.48 0.02 0.71 0.03

within groups

Within populations ~ *668  1821.58 2.74 94.06 <0.001

Total 673 1927.48 2.92
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Table 3.2.3. AMOVA results for the southern cluster lakes indicating the amount of
genetic variation explained by various groupings. This is an average degree of freedom
computed by obtaining the mean value of locus by locus AMOV As(*).

Source of d.f. Sum of Variance Percent  P-value
Variation Squares components variation

Among 3 130.73  0.44 14.11 <0.001
populations within

groups

Within Populations *377 1000.59 2.67 85.89 <0.001
Total 380 113132 3.11
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Table 3.2.4. Pairwise gene flow estimated obtained via BayesAss+ 1.3 indicating little to no migration between most lakes with a few
notable exceptions (in bold).

From/To Lake1 GeneticsH Slushy Strange Esker = WP152 T-Bone Genetics B Hawk  Cabot

Lake 1 0.988 0.002 0.001  0.008 0.008  0.010  0.003 0.025 0.001 0.002
Genetics H  0.001 0.938 0.001  0.004 0.039  0.007  0.002 0.011 0.001 0.002
Slushy 0.002 0.004 0.989  0.002 0.004  0.007  0.002 0.005 0.001 0.001
Strange 0.001 0.002 0.001 0974 0.010  0.004  0.002 0.031 0.001 0.002
Esker 0.003 0.045 0.003  0.003 0.921 0.288  0.003 0.138 0.001 0.002
WP152 0.001 0.001 0.001  0.001 0.002  0.673 0.001 0.003 0.001 0.001
T-Bone 0.001 0.002 0.001  0.001 0.002  0.003 0.981 0.003 0.001 0.001
Genetics B 0.001 0.002 0.001  0.002 0.004  0.003 0.003 0.774 0.001 0.002
Hawk 0.001 0.003 0.001  0.003 0.004  0.003 0.002 0.007 0.993 0.003
Cabot 0.001 0.002 0.001  0.001 0.006  0.002  0.002 0.004 0.001 0.985




3.3 Isolation by Distance

An initial Mantel test suggested that there is evidence of Isolation by Distance
when considering all 10 lake populations (R* = 0.374 and p < 0.001; Figure 3.3.1).
Decomposed pairwise regression analysis revealed however, the presence of several
putative outliers — initially Hawk Lake (Figure 3.3.2), followed by T-Bone Lake (Figures
3.3.2 t0 3.3.3), and Cabot Lake (Figure 3.3.4) respectively. “True outliers” were
identified from the various models of “putative outliers” using the AIC method (Table
3.3.1). My final analysis revealed that all three of Hawk, T-Bone, and Cabot Lakes were
outliers based on the AIC, value. Models which have a AAIC.< 2 are equally likely
(Koizumi et al. 2006); however, I chose the model without these three lakes due to its

relatively high R value.
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Figure 3.3.1. Correlation between linearized Fst and Geographic distance showing a significant positive correlation (p= 0.001).
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Figure 3.3.2. Analysis of 95% confidence intervals of residuals computed from the
regression of all pairwise comparisons between genetic and geographic distance. T-Bone
and Hawk lakes are putative outliers as their confidence intervals do not include 0.
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Figure 3.3.3. Analysis of 95% confidence intervals of residuals computed from the
regression of pairwise comparisons excluding Hawk Lake. The removal of Hawk Lake
from the analysis amplified the dissimilarity between T-Bone and all other Lakes, again
pegging it as a putative outlier.
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Figure 3.3.4. Analysis of the 95% confidence intervals of residuals computed from the
regression of pairwise comparisons excluding both T-Bone and Hawk lakes. The removal
of these two lakes amplified the distinctiveness of Cabot Lake which, prior to this
analysis, had not been identified as an outlier.
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Table 3.3.1. Various models composed of different combinations of putative outlier
populations, their R? values, and corrected AIC (AIC,) values.

Lakes Excluded R2 value P value AIC, AAIC,
Hawk, T-Bone, 0.388 <0.003 -66.56 0
Cabot

Hawk, T-Bone 0.318 <0.002 -66.09 047
Hawk 0.277 <0.001 -56.85 9.24
None 0.374 <0.001 -51.93 492

36



3.4 Effects of Various Landscape Factors

In addition to distance, several other landscape factors were tested (Table 3.4.1).
The only significant correlation obtained was between linearized Fsrand the influence of
waterfalls for the dataset as a whole (see Table 3.4.1). No waterfalls exist within the

subset of the six lakes located north of the Kogaluk River.

The results from the GESTE analysis suggest that the best model is that of the
constant regression term (the null model) with a posterior probability = 0.645 (Table
3.4.2). The posterior probability associated with this model is substantially higher than
the next highest alternative, constant regression term and distance, which has a posterior
probability = 0.0696. These results indicate that none of the environmental factors are

useful in predicting genetic diversity among lake trout populations in this system.
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Table 3.4.1. Mantel test results conducted between various landscape factors to test for statistically significant correlation with genetic
diversity. Results from both full data set and the subset of northern lakes are provided. The asterisk denotes tests which were
statistically significant in the full dataset.

Full Dataset Northern Lakes Only
Landscape attributes tested r value p value r value p value
Linearized FST and elevation -0.1621 0.78 0.208 0.247
Linearized FST and geographic distance* 0.6116 0.0012 0.3191 0.119
Linearized FST and presence of waterfalls* 0.579 0.0025 NA
Linearized FST and average slope -0.2025 0.856 0.145 0.324
Linearized FST and number of intermediate 0.2044 0.181 0.375 0.089

lakes




Table 3.4.2. GESTE output indicating the posterior probability for the first 10 (highest
posterior probability) models indicating model 1, the constant, as the best model.

Model  Factors Included Posterior Probability
1 Constant (null model) 0.645
2 Constant, Distance 0.007
3 Constant, Slope 0.061
4 Constant, Elevation 0.050
5 Constant, Waterfall Blockage 0.043
6 Constant, Number of Intermediate 0.041
Lakes
7 Constant, Elevation, Slope 0.029
8 Constant, Waterfall Blockage, Slope 0.007
9 Constant, Waterfall Blockage, 0.006
Distance
10 Constant, Waterfall Blockage, 0.006
Elevation
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3.5 Effective Population Size

Effective population size was estimated via LDNe (Waples and Do 2008) before
and after removal of first generation migrants. Lakes containing first generation migrants
had lower estimates of effective size, prior to the removal of migrants (Table 3.5.1). N,
from individual lakes ranged from 38.3 to 2323 (Table 3.5.1). Mean estimates for Lakes
Esker and WP152 were undefined, however, these populations represent a single genetic
cluster and when individuals from both lakes were pooled, N. = 441.5. There was no
evidence of a significant relationship between genetic cluster total lake area and mean N,
(p >0.50, Figure 3.5.1). There are 7 headwater and 3 non-headwater lakes in the system
(Table 3.1.1). N.s were significantly lower for S. namaycush populations inhabiting

headwater than for those inhabiting non-headwater lakes (z-test p<0.05).
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Table 3.5.1. Effective population size estimates obtained via LDNe for the dataset prior
to, and after the identification and removal of first generation migrants. Also included is
the number of immigrants which were identified using GeneClass2.

Including First Generation Migrants Excluding Migrants

Lake 1 208 83.8 - 208 83.8 -0 0

Slushy 192.5 359 - 192.5 359- 0

WP152 Undefined 102.5-0 | Undefined 102.5- 0

Strange 191 58.9 - 1

Cabot 2323 115.1 - 2323 115.1- 00 0

Hawk 38 19.2 - 1
105.5 109.1
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Figure 3.5.1. The relationship between genetic cluster total lake area and mean estimates
of effective population size for each of the 9 unique clusters identified with
STRUCTURE. The relationship is non-significant (p >0.50) indicating that the estimates
of effective population size are not dependent on area.
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CHAPTER 4: DISCUSSION

4.1 Summary of Results

My results indicate that lake trout in the Kogaluk River System in Northern
Labrador exhibit a hierarchical population structure in which lakes north and south of the
Kogaluk River form two distinct clusters. Examination of Fgr values via PCA revealed
significant differences within these initial clusters with the highest levels of
differentiation occurring among the southern lakes, a result further corroborated by
additional STRUCTURE analyses. These southern lakes are linked to each other and to
the Kogaluk River by rivers containing waterfalls, unlike the northern lakes which lack
connections with waterfalls. A system-wide analysis suggested a pattern of IBD was
evident, but a more detailed examination using a decomposed pairwise regression
approach identified three lakes as containing “outlier” lake trout populations (Hawk, T-
Bone, and Cabot Lakes) suggesting that these lakes were more genetically divergent than
can be explained by distance alone. These outlier lakes have their connectivity limited to
each other and to the rest of the system by waterfalls, suggesting a landscape effect on the
distribution of genetic diversity among lake trout in this system. Lake Trout in these three
lakes exhibited a relatively high level of divergence, likely the result of genetic drift
acting on relatively isolated populations of small effective sizes (except Cabot Lake). No
additional landscape variables appeared correlated with genetic divergence. Preliminary
N. ranged widely and there is no significant relationship with lake area. However, these

N.s are relatively higher in non-headwater populations. Below, I discuss these issues in

detail in the context of lake trout life history variation and landscape effects.
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4.2 Population Structure and Gene Flow

Previous studies on lake trout have suggested that levels of genetic diversity
evident in a region could be representative of secondary contact between glacial lineages
(Grewe and Hebert 1988; Ihssen ef al. 1988; Wilson and Hebert 1996). I argue that the
differences in population structure evident in my study system are not a function of
secondary contact between multiple glacial lineages. This is due in part to the difference
in scale between my own study and that of these previous studies, and because
phylogeographic studies based on mtDNA polymorphism have suggested that lake trout
from this particular region of Labrador come from a single glacial lineage originating
from an Atlantic refugium (Wilson and Hebert 1996; Wilson and Hebert 1998). I suggest
that the high level of genetic diversity seen in my system is a result of lake trout life

history, the landscape, and their interaction.

At the highest hierarchical level, all lakes draining into the Kogaluk River from
the north differ significantly from those draining into it from the west and south (Figures
2.1.1, 3.2.1). Waterfalls were shown to be highly correlated with genetic structure in this
system (discussed below) and likely play a part in structuring the genetic makeup at this
high hierarchical level. In particular, one large waterfall (Figure 2.1.1, WF1) appears to
be the dividing point between the initial two clusters. All sampled lakes north of this
waterfall exist as one cluster, as do all lakes to the south, including Cabot Lake which is
part of the Kogaluk River. At the finest hierarchical scale, there appear to be nine unique
clusters, and there is only one occurrence of two lakes identified as forming a single

cluster (Lakes Esker and WP152). Two waterfalls are present within this southern region
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(see Figure 2.1.1 for waterfall positions; Table 2.1.1 for waterfall heights and angles)

preventing upstream migration and thus creating asymmetries in gene flow.

The influence of waterfalls on asymmetries in gene flow as well as divergence
between populations has been reported for other freshwater species (see Gomez-Uchida
2009; Crispo et al. 2006; Kanno ef al. 2011; Whiteley et al. 2010; Naurem et al. 2006;
and Tatarenkov et al. 2010; Junker et al. 2012). These waterfalls help explain some of the
genetic structuring at a finer spatial scale within the southern cluster; however, the lakes
in the northern cluster are not separated by waterfalls, thus the high degree of genetic
structuring is likely a result of other factors. In particular, this species exhibits homing
behaviour whereby adults return to the same spawning areas every year (Esteve ef al.
2008; Marsden et al. 1995) and doing so contributes to genetic isolation (Ihssen et al.
1988). My Fg estimates support this idea of genetic isolation as my pairwise estimates
ranged from 0.008 to 0.217 with an average Fst = 0.123. These estimates are comparable
to estimates obtained for landlocked arctic charr (Salvelinus alpinus) in a similar study by

Bernatchez ef al. (2002) in which Fgt estimates ranged from approximately 0.05 to 0.20.

Supporting patterns recognizable in the pairwise Fgr estimates, migration rates
suggest little movement between lakes, and in most cases these estimates are essentially
zero (Table 3.2.4). The relationship between Lakes Esker and WP152 is noteworthy.
These are the only two lakes with genetically indistinguishable lake trout. This clustering
is likely due to the high (however asymmetric) gene flow from Lakes Esker to WP152
(M= 0.288), probably resulting from the relative proximity between, and large waterway

connecting these two lakes. The high rate of migration from Esker Lake to Lake Genetics
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B however is not consistent with present geographical limitations. I suggest that this

relatively high estimate of gene flow may be reflective of random genetic drift.

I should note that BayesAss+ estimates recent migration - migration within the
previous few generations (Wilson and Rannala 2003), thus inferences on connectivity in
the distant past based on BayesAss+ estimates are likely unwarranted. An additional
hypothesis regarding such high gene flow is the possibility of anthropogenic

transplantation. This is unlikely due to the isolated nature of the system.

Field observations from the air revealed that streams connecting lakes were
relatively shallow; precise depth measurements were not taken but the streams exhibited
depths generally < 1 m in early July. Water temperature in the lakes, during this same
time period, ranged from 4.8 to 10.1°C with an average temperature of 6.7°C (data not
shown). Lake trout are known to prefer waters ranging in temperature from 6 - 13°C
(Martin and Olver 1980) with an optimal range between 8 and 12°C (Magnuson et al.
1990) though there is much debate over these exact temperatures (see MacKenzie-Grieve
and Post 2006). Temperature has been suggested to be a very important factor influencing
the movement of lake trout (Martin and Olver 1980). Martin (1954) noted the influence
of a thermal barrier on S. namaycush in Lake Louisa, Ontario in which lake trout were
limited to feeding on plankton during the summer months because the prey fish species,
minnows, were found only in shallow, warmer waters. Therefore, I suggest that although
the sampled lakes were shallow themselves, some having observed maximum depths
<10m (Table 3.1.1), they were significantly deeper than the connecting streams and likely
maintained a lower average temperature. This differential in stream and lake temperatures

in addition to the general shallow nature of the streams may negatively influence the
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tendency to migrate and may be aiding in the genetic structuring of this system.
Temperature has been shown to be associated with genetic structure in numerous aquatic
species including Atlantic salmon (Dionne ef al. 2008), rainbow/steelhead trout (Narum
et al. 2008), sea urchins (Banks et al. 2007), and short-beaked common dolphin (Amaral
et al. 2012) and may account at least in part, for the high degree of genetic structure seen

between pairs of lakes not influenced by waterfalls in this system.

An additional factor likely acting against lake trout leaving the lake and entering
the streams is the acquisition of food. It has been speculated that a lake trout movement
may be dependent on the pursuit of prey (Martin and Olver 1980; Schmalz et al. 2002).
Due to the shallow nature of these streams, they may simply not accommodate sufficient
quantities of prey, or like lake trout, the prey species avoid the streams due to undesirable
temperatures or insufficient space. Thus, the lake trout in this system may tend to reside
in the lakes where the prey species including round whitefish (Prosopium cylindraceum),
lake chub (Couesius plumbeus), Arctic charr (Salvelinus alpinus), brook trout (Salvelinus

fontinalis), and occasionally burbot (Lota lota) are also present.
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4.3 Influence of Landscape Factors

Structure, Fsr, Mantel tests, and migration rate estimates suggest an influence of
waterfalls on genetic structure. Initially, geographic distance was found to have an
influence on genetic divergence on the system as a whole, however, finer scale
decomposed pairwise regression analysis suggested that all southern populations, except
Lake Genetics B, are outliers exhibiting higher levels of genetic divergence than can be
explained by distance alone (Koizumi et al. 2006). This is correlated with the
geographical positions of these lakes as they all drain into the Kogaluk River (except for
Cabot Lake which is a part of the Kogaluk River itself) and are isolated from the northern
lakes due to the dendritic nature of the Kogaluk System and the presence of numerous
waterfalls between the northern and southern lakes. Outlier populations in natural
systems are not uncommon. Populations exhibiting higher or lower genetic diversity than
can be explained by distance alone are not unique to this system, as they have been
shown in several previous studies (e.g., Koizumi et al. 2006; Junge et al. 2011;
Cunningham et al. 2009). Surprisingly, the S. namaycush population from one of the
southern lakes, Genetics B, was not identified as an outlier consistent with my results
from previous analyses, suggesting S. namaycush in this lake exhibit some degree of

genetic similarity with S. namaycush from lakes north of the Kogaluk System.

Interestingly, no other landscape variables tested including average slope,
elevation, and number of intermediate lakes appeared to have significant influence on
genetic structure (see Table 3.4.1). GESTE results suggest that no landscape factors are
particularly useful for predicting genetic diversity (Table 3.4.2). This was interesting

especially with regards to the differences in slope. Although a number of previous studies
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have suggested a correlation between slope and genetic diversity in other systems and
species (Caldera and Bolnick 2008; Cook et al. 2011; and Kanno et al. 2011 for
examples) my study is not the first to show no effect of slope (see Stelkins et al. 2012 for
a recent example). I argue that the absence of a correlation between genetic distance and
slope is likely due to one of two possibilities. First, the slope between any two pairs of
lakes is not very steep; the highest average slope is only 5.27 m per kilometer (between
Hawk and Cabot Lakes - see Appendix C for average slope measurements). The slope
measurements are so gradual in this system; they likely have very little impact on the
migration of local species except when there is the presence of a waterfall. The second
possibility is that fish are simply not moving between lakes, thus environmental factors
like slope of the connecting waterways would be expected to play little to no role in

shaping the genetic structure of the system.
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4.4 Effective Population Size

Estimates of effective population size varied by two orders of magnitude from 38
in Hawk Lake to over 2300 in Cabot Lake. First generation migrants were evident in
Genetics H, Hawk, T-Bone, Strange, and pooled Esker/WP152 Lakes. After their
exclusion, mean N. increased greatly in Lake Genetics H (300% increase) and decreased
moderately for Strange Lake (16% decrease) and pooled Esker/WP152 Lakes (22.7%
decrease). There was no change in the mean estimate for Hawk Lake and only a slight
change in the mean estimate for T-Bone Lake (1.5% increase), suggesting that although
migrations can introduce linkage disequilibrium potentially lowering the estimates of N,,
the degree to which these migrants affect linkage disequilibrium depends on how
genetically distinct the migrants are from the local population, coupled with the number
of migrants. One caveat regarding this analysis is that examination of the confidence
intervals of these estimates indicates a non-significant change post migrant removal in all
cases, due to the presence of overlapping confidence intervals. This suggests that

inclusion of first generation migrants had no statistically significant impact on N..

To test whether these results were a function of immigration (increased linkage
disequilibrium) or simply a result of reduced sample size, I followed the techniques used
in a recent study brown trout (Salmo trutta) by Serbezov et al. (2012) who, using various
estimators of N, including LDNe, reported similar changes in mean N, and associated
95% confidence intervals once migrants were removed. To address the issue of
determining what was affecting the mean estimates and 95% confidence intervals, they
randomly removed the same number of individuals as the indicated number of putative

migrants and re-ran their analysis. If they achieved the same degree of change by
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removing random individuals as opposed to immigrants, the initially observed changes

would have had to have been a result of reduced sample size and not immigration.

To examine this issue in my study, I focused on Lake Genetics H which had the
greatest change in mean N after the removal of migrants (Table 3.5.1) and found that
removing the same number of random samples as those identified as migrants, resulted in
a much smaller mean N, (N. =310 — see Appendix E) than in Table 3.5.1. This indicates
that the initial change observed as a result of removing putative migrants, is a result of
removing some linkage disequilibrium brought on by immigration, and was not simply a
result of reduced sample size. Thus, although these differences post immigrant removal
were not statistically significant, I have shown that they are related to immigration and
cannot be ignored. Therefore, I suggest that I have evidence for a pattern which is
consistent with Waples and England (2011), who suggest that immigrants can either
increase N, provided that the immigrants are from a genetically similar pool or
population, or could decrease N, estimates if immigrants are genetically different. I argue
that the differences we observed were not statistically significant due to the relatively
small number of immigrants in each population (2 or fewer — see Table 3.5.1), and had

the migration rate been higher, the results would likely have been significant.

My estimates were limited to single sample methods as they were estimated based
on linkage disequilibrium using LDNe. When estimating N, in a system such as this,
using single sample methods, additional source of linkage disequilibrium need to be
eliminated prior to estimation. Migration from other populations can lead to the
subsequent interbreeding with the local population (creating first generation migrants)

creating admixture which results in increased linkage disequilibrium (Waples 2006),
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thereby reducing N, estimates. It is important to note that this method estimates the
effective number of breeders in the previous generation if the estimate is based on
individuals of the same cohort (Waples 2006). If age is unknown and individuals differ in
age, as is likely the case in my study, LDNe estimates a quantity that lies between N}, and
N.. Therefore, the N. I obtained with LDNe were estimates of the number of breeders
which produced my sample (Waples 2006) which is presumably made up of individuals
from various different generations. For these reasons, I cannot obtain an accurate N,
estimation for my populations. I present these estimates of Ny, per population sample
following Phillipsen et al. (2010) and suggest that these values should be deemed useful
for the sake of comparison with other studies using the LDNe software and the linkage
disequilibrium method. Although these are not estimates of N, I can infer a more general
pattern which suggests that lower estimates of Ny, will correlate with lower estimates of

N, (Waples 2005; Phillipsen et al. 2010).

As I expected, all headwater lakes (except WP152) have significantly smaller
effective sizes than the non-headwater lakes (T-test, p<0.05). Surprisingly however,
although the N are significantly different, the mean observed heterozygosity values
between types of lakes did not differ (z-test, p>0.10). Morrissey and de Kerckhove (2009)
suggest that in a dendritic system such as this, one would expect higher levels of genetic
diversity in downstream populations compared to the headwater populations. This would
lead to higher N in these downstream populations. However, the lack of significance
between mean values of observed heterozygosity between the lake types, coupled with

my estimation of very low rates of migration, suggests the differences in effective
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population sizes may not be a function of gene flow, but likely of successive founding

events following a pattern of colonization from downstream sources.
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4.5 Conclusion

Using a landscape genetics approach, I am able to show the influence of
landscape variables on genetic differentiation within this fragmented system. Waterfalls
and geographic distance appear to contribute significantly, more than the other factors I
tested, and likely contribute to the hierarchical population structure and lack of gene flow
evident within this system, though further examination of untested variables would be
beneficial to support these conclusions. Surprisingly however, my data suggested that
both geographic distance and waterfall position could not be used as reliable predictors of
genetic differentiation, even though there was evidence of a significant correlation
between them. I propose that in addition to the landscape variables, lake trout life history,
in particular its preference for colder and deeper waters may be at least partially

responsible for the genetic structuring evident within this system.
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APPENDIX A

Appendix A. Multiplex primer panel composition indicating loci dye label, assigned
panel number, and source authors.

Locus Primer T, Label Source
Panel
SSA85 1 60 800 O'Reilly et al. 1996
S$CO215 1 60 700 Dehaanet al. 2005
SC0202 1 60 800 Dehaanet al. 2005
OGO1A 2 60 700 Olsen et al. 1998
SNAMSUO06 2 60 800 Rollins et al. 2009
SNAMSU12 2 60 800 Rollins et al. 2009
SFO334 3 57 700 Perry et al. 2005
0TSG253b 3 57 700 Williamson et al. 2002
SNAMSUO02 4 57 800 Rollins et al. 2009
SC0102 4 57 800 Sewall Young, personal communication
SC0107 4 57 700 Sewall Young, personal communication
0TSG83b * 52 700 Williamson et al. 2002
omMmM1105 * 62 700 Rexroad et al. 2002

*These primers were run individually, and not assigned to a multiplex panel as they worked
better by themselves.
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Appendix B. Shown here are the five pairs of loci which have the highest probability of being linked per
lake, along with the associated p values. These significance estimates are prior to sequential Bonferroni
correction. With an alpha level of a=0.05 we expect 3 of the 66 possible pairs of loci to be linked due to
chance alone. No lake had more than 3 linked pairs, which can be attributed to chance alone. However, for
every lake, loci 1 (SCO107) and 8 (OTSG83b) appeared linked. This is a statistical improbability which
caused me to assume that these loci were potentially linked. As a result, I omitted one locus from further
analysis (OTSG83b) because it had a slightly higher failure rate.

Lake 1 P= Genetics H P= Slushy P= Esker P= Strange P=

79

Pair(1,8) 0.000  Ppaijr(1,8) 0.000 Ppajr(1,8) 0.000  pajr(1,8) 0.000  Ppair(1,8) 0.000
Pair(0,2) 0.002  pajr3,4) 0.000 Ppajr0, 11 0.000  Ppair(4,5) 0.017  pajr(1,11 0.007
Pair(0,9) 0.004  pgair0,2) 0.048 Ppajr2,7) 0.000  Ppajr3,4) 0.040 pajr(0, 10 0.022
Pair(1,3) 0.006  pair(1,2) 0.050  Ppair4,7) 0.004  pajr0, 10 0.160  pair(1,7) 0.039
Pair(1,5) 0.018  pair0,8) 0.060 Paijr(1,2) 0.015  Ppair(1,11 0.160  pajr3,7) 0.043
WP152 P= T-Bone P= Cabot P= Genetics B = Hawk P=

Pair(1,8) 0.000  pajr(1,8) 0.000 pajr(1,8) 0.000  pajr(1,8) 0.000 Ppajr(3,4) 0.000
Pair(9,10 0.008  pair4,10 0.017  pair3,4) 0.001  pajr4,11  0.002  pair(1,8) 0.000
Pair(3,10 0.015  paijr(1,2) 0.019  pair5,7) 0.001  Ppair4,6) 0.002  pajr(9, 10 0.002
Pair(5,7) 0.034  pajr4,6) 0.053  Ppair(0,2) 0.018  Ppaijr(0,4) 0.025 pajr(7,11 0.011
Pair(2,8) 0.035  Ppair(3,10 0.089  pair(10,1 0.035  pair(2,4) 0.049  Ppaijr(0, 1) 0.018
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APPENDIX C

350 - Deltak = mean(|L"(K)]|)/sd(L(K))

300 +
250 -+
200 -

150 -

Delta K

100 -

50 -

Delta K likelihood plot for all 10 initial populations output from Structure Harvester
suggesting the most likely K value at this initial hierarchical level is 2.

100 - Deltak = mean(|L"(K)|)/sd(L(K))
90 -

80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 A

Delta K

Delta K likelihood plot for the 6 lakes north of the Kogaluk River fjord output from
Structure Harvester suggesting the most likely K value at this hierarchical level is 5.
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500 - DeltakK = mean(|L"(K)|)/sd(L(K))
450 -

400 -
350 +
300 +
250 +
200 -
150 -
100 -
50 -

Delta K

Delta K likelihood plot for the 4 lakes west and south of the Kogaluk River fjord output
from Structure Harvester suggesting the most likely K value at this hierarchical level is 4.

7 7 DeltaK = mean(|L"(K)|)/sd(L(K))

Delta K

Delta K likelihood plot for the lakes Esker and WP152 output from Structure Harvester
suggesting the most likely K value at this hierarchical level is 2.
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Appendix D. Average slope measurements for all pairs of lakes.

Lakel GeneticsH Slushy Esker Strange Wp152 T-Bone Cabot GeneticsB  Hawk

Lake 1 0.000 -0.858 -0.807 -1.852 -0.513 -0.934 -0.355 -3.314 -1.453 -0.283
GeneticsH  0.858 0.000 -0.664 -1.706 -0.353 -0.814 -0.280  -3.298 -1.410 -0.225
Slushy 0.807 0.664 0.000 -0.853 0.654 -0.258 0.027 -3.150 -1.218 0.010
Esker 1.852 1.706 0.853 0.000 1.507 0.402 0.337 -4.142 -1.314 0.222
Strange 0.513 0.353 -0.654  -1.507 0.000 -0.583 -0.129  -3.370 -1.353 -0.108
WP152 0.934 0.814 0.258  -0.402 0.583 0.000 0.209 -4.290 -1.408 0.133
T-Bone 0.355 0.280 0.027 0.337 -0.129 0.209 0.000 -4.066 -1.674 -0.014
Cabot 3.314 3.298 3.150 -4.142 3.370 4.290 4.066 0.000 2.722 5.270
GeneticsB  1.453 1.410 1.218 -1.314 1.353 1.408 1.674 -2.722 0.000 5.106
Hawk 0.283 0.225 -0.010 -0.222 0.108 -0.133 0.014 -5.270 -5.106 0.000
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APPENDIX E

Appendix E. LDNe estimate for lake Genetics H including the two putative immigrants,
but excluding two random samples resulting in a very different estimation of N. than
when the putative immigrants were removed (see Table 3.5.1). Bolded column contains
values appropriately comparable with those of table 3.5.1.

Lowest Allele Frequency Used (P 0.05 0.02 0.01
Harmonic Mean Sample Size 67.2 66.9 67

Independent Comparisons 370 472 527
Estimated N, 232 310 571

95% Confidence Interval (JackKnife onloci) 67.1-o 85.5-0 102.8-x
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