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ABSTRACT

I tested the relative importance of life history, environmental barriers, dendritic
structure, and historical colonization on the neutral genetic structure of a longnose sucker
(Catostomus catostomus) metapopulation in the Kogaluk River of northern Labrador.
Samples were collected from eight lakes, genotyped with 17 microsatellites, and aged
using opercula. Lakes demonstrated varying migration rates and genetic differentiation.
Isolation by distance was found only when the two most genetically distinct lakes were
removed from the analyses, suggesting a lack of migration-drift equilibrium and the
importance of historical and contemporary factors in shaping metapopulation structure.
Lower allelic richness in the headwaters due to the dendritic structure of the watershed
contrasted with high effective population sizes of the south-western headwaters,
potentially due to their earlier colonization. Recent colonization, variable migration rates
between lakes, long generation times, and upstream migration have stalled achievement
of a typical dendritic metapopulation structure and its associated elevated effective size.
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CHAPTER 1: INTRODUCTION

Landscape genetics provides a powerful theoretical framework for assessing the
genetic structure of a metapopulation and identifying its vulnerable subpopulations
(Manel et al. 2003, Storfer et al. 2007). River systems are ideal for landscape genetics
studies because fully aquatic organisms are confined to the boundaries of the river
(Hughes et al. 2009). Since rivers are one-dimensional (Baguette et al. 2013) and have
fewer redundant pathways than other metapopulation structures (Peterson et al. 2013)
they are less complex and easier to study than two-dimensional terrestrial landscapes.
Fish can also demonstrate significant genetic differentiation over a small spatial scale
within river landscapes, allowing for decreased sampling effort required to detect those
factors that are driving genetic differentiation (Kanno et al. 2011).

Despite their suitability for such studies, river systems have only recently been
considered unique from the typical terrestrial landscape within a landscape genetics
theoretical framework (Fagan 2002, Campbell Grant et al. 2007). Rivers are often
dendritic, composed of a series of bifurcating branches that radiate from a single node
(Altermatt 2013) creating a hierarchically-arranged network of habitat areas (Fullerton et
al. 2010) which isolates headwaters (Fagan 2002). This isolation can be exacerbated by a
downstream bias in migration (Morrissey and de Kerckhove 2009) and the reduced
carrying capacities associated with upstream habitats (Carrara et al. 2014). Headwaters
are predicted to have a reduced effective population size (N,) (Wright 1931) and
experience a greater fixation of alleles due to drift (Araki et al. 2007, Charlesworth 2009,
McCracken et al. 2013a). The allelic diversity of headwater habitats is therefore predicted
to be low but highly distinct from other headwater habitats (Hughes et al. 2009,
Morrissey and de Kerckhove 2009). The unique alleles fixed in each headwater collect in
downstream confluences leading to the increased genetic diversity and allelic richness of
these confluences (Morrissey and de Kerckhove 2009, Paz-Vinas and Blanchet 2015).
Dendritic systems therefore are unique from most other metapopulations in that
genetically homogeneous subpopulations (i.e. the headwaters) are the source of the
metapopulation’s genetic diversity (Morrissey and de Kerckhove 2009). Unlike most

metapopulations subject to asymmetric gene flow and fragmentation (which typically



have a reduced genetic diversity (Whitlock and Barton 1997, Waples 2010, Palstra and
Ruzzante 2011, Gomez-Uchida et al. 2013) asymmetric gene flow and fragmentation
increase genetic diversity in dendritic metapopulations due to the greater genetic
differentiation between the headwaters (Morrissey and de Kerckhove 2009). Therefore,
the metapopulation N, of dendritic systems is predicted to be greater than the sum of the
subpopulation N, values, in contrast to most other fragmented metapopulations where the
opposite is observed (Morrissey and de Kerckhove 2009, Gomez-Uchida et al. 2013).
Although dendritic metapopulations have been widely studied using computer
simulations, the predictions from these models have rarely been tested empirically
(Campbell Grant et al. 2007, Labonne et al. 2008, Campbell Grant 2011, Perkin and Gido
2012, Altermatt 2013).

There are a number of other environmental factors that can affect gene flow within
a river depending upon the life history and behaviour of the species in question (Fullerton
et al. 2010). Isolation by distance (IBD) (Wright 1943) will be observed in those
organisms whose maximal dispersal distance during their entire lifetime is less than the
maximal distance between subpopulations within the system (Orsini et al. 2013b). River
slope and elevation difference between subpopulations, may also limit dispersal if an
organism is hindered by travelling upstream (Lowe et al. 2006, Caldera and Bolnick
2008, Hughes et al. 2009, McCracken et al. 2013a). Large physical barriers such as
waterfalls or dams can be total or partial barriers to migration between segments of the
river system, fracturing the metapopulation (Cote et al. 2009, Horreo et al. 2011). The
positioning of these barriers within a dendritic system will also dictate their effect on an
organism’s dispersal (Altermatt 2013). For example, barriers located closer to the outlet
of the river system will have a greater fragmenting effect on anadromous species whereas
barriers located closer to the headwaters will have a greater effect on potadramous
species (Cote et al. 2009). River systems can also contain a number of habitats with
different environmental conditions which can lead to within-metapopulation genetic
variability (Carvalho 1993). For example, headwater and downstream habitats are known
to be environmentally distinct in a number of variables including depth and habitat area
(Vannote et al. 1980, Schlosser 1990). If subpopulations are subject to different selection

pressures due to their different environments, maladaptive immigrants may not become



incorporated into the subpopulation’s gene pool; leading to isolation by adaptation
(Orsini et al. 2013b).

Besides contemporary environmental factors, historical colonization patterns can
also have significantly shaped the observed genetic structure of a metapopulation
particularly if colonization was recent (Costello et al. 2003, Castric and Bernatchez 2003,
Poissant et al. 2005). When a landscape is invaded in accordance with the stepping stone
model a reduction in genetic diversity with each subsequent founding event can occur
(Austerlitz et al. 1997, Le Corre and Kremer 1998). Rapid population expansion and high
gene flow between recently founded subpopulations can ameliorate this effect (Nei et al.
1975, Dlugosch and Parker 2008, Greenbaum et al. 2014). After the colonization of the
landscape, local environmental factors will begin to dictate gene flow and drift within the
system (Costello et al. 2003). With time and unchanging landscape connectivity,
metapopulations should approach migration-drift equilibrium, which results in a strong
pattern of IBD (Slatkin 1993, Poissant et al. 2005). While IBD is initially limited to the
geographically closest subpopulations due to their higher gene flow, it will eventually
extend to include more distant subpopulations (Slatkin 1993, Hutchison and Templeton
1999). Time to achievement of migration-drift equilibrium will be lengthened by large
subpopulation N, values and low migration rates (Slatkin 1993, Turgeon and Bernatchez
2001). Many metapopulations have not achieved migration-drift equilibrium meaning
that traces of historical patterns will remain in the observed contemporary structure of a
metapopulation (Castric and Bernatchez 2003). While identifying departures from
equilibrium is relatively easy, determining its cause can be difficult given that
contemporary environmental factors can maintain or erode genetic patterns due to
historical processes (Poissant et al. 2005). Disentangling contemporary and historical
effects on observed genetic structure is therefore essential in those populations that are
not in migration-drift equilibrium.

The purpose of this study is to identify the relative effects of life history traits,
environmental barriers, dendritic structure, and historical colonization patterns on the
genetic structure of a riverine fish within a single watershed. While each of these factors
has been studied extensively they are rarely considered together despite the potential for

interaction (Costello et al. 2003, Orsini et al. 2013a). This study assesses the importance



of each of these factors individually and together in a dendritic metapopulation in
northern Labrador of longnose suckers (Catostomus catostomus (Forester 1773)) which,
like most Arctic fishes, are generally understudied despite their susceptibility to climate
change (Reist et al. 2006, Harris et al. 2012).

Longnose suckers are benthic invertivores (McPhail and Lindsey 1970, Ryan 1980,
Scott and Crossman 1998) found in clear, deep waters including freshwater lakes, rivers,
and streams (except when streams are frozen over in winter (Craig 1989)) but may also
be found in brackish river mouths (McPhail and Lindsey 1970, Scott and Crossman
1998). Lake-dwelling longnose suckers rarely leave their lake except when spawning
(Harris 1962, Walton 1980), which usually occurs in spring (April to June) after the
temperature has risen to about 5°C and the ice cover has thawed (McPhail and Lindsey
1970, Ryan 1980, Scott and Crossman 1998). Adults spawn over gravel in shallow, fast-
moving water and then typically return downstream to the lake (Geen et al. 1966, Walton
1980, Scott and Crossman 1998). The eggs, which are adhesive and demersal, attach to
the gravel substrate and hatch 1 - 2 weeks later (Scott and Crossman 1998). Larval fish
then drift downstream until late summer (August) (Walton 1980) and take up residence in
the shallow vegetation of lakes (Edwards 1983). Longnose suckers may also spawn in the
outlets and shallow areas of lakes (Ryan 1980, Scott and Crossman 1998). The high
dispersal potential of this fish should result in observations of elevated migration.
Upstream migration of this species could potentially overcome downstream bias in gene
flow which contributes to the isolation of headwaters in dendritic systems (Morrissey and
de Kerckhove 2009).

Historical migration has also likely shaped the genetic structure of longnose suckers
within the Kogaluk. With the withdrawal of the Laurentide Ice Sheet from the Quebec
peninsula 14 000 to 5 000 years ago a series of proglacial lakes were left behind
(Legendre and Legendre 1984, Bernatchez and Wilson 1998). These lakes were utilized
by longnose suckers and other species to migrate east across Quebec to colonize Labrador
(Legendre and Legendre 1984, Black et al. 1986, Griffiths 2010). It is thought that
longnose suckers first invaded the Churchill River in southern Labrador and from there
migrated overland and along the coast (though the latter is contested Dillinger et al. 1991)
as far north as the Kogaluk River (Black et al. 1986). The Kogaluk River was covered by



the Laurentide Ice Sheet up until it began to thaw approximately 9 000 years BP (Bryson
et al. 1969, Short and Nichols 1977). The glacial lake Naskaupi was formed to the west of
the Kogaluk River between 8 400 and 7 500 years BP (Jansson and Kleman 2004) from
the glacial runoff that was prevented from draining through Ungava Bay by the retreating
glaciers (Ives 1960, Barnett and Peterson 1964, Jansson 2003). Multiple spillover events
occurred from Lake Naskaupi into the Kogaluk River (Ives 1960, Barnett and Peterson
196, Jansson 2003) between 8 400 to 7 000 years BP before the final drainage of this
glacial lake (i.e., before the final deglaciation of the Ungava peninsula approximately

6 400 years BP (Jansson and Kleman 2004)). This increased connectivity is thought to
have facilitated the introduction of lake chub (Couesius plumbeus) into the Kogaluk
(Michaud et al. 2010) and may also be a potential colonization route of longnose suckers
into the system. Given the relatively recent colonization of this system this
metapopulation is unlikely to have achieved migration-drift equilibrium.

The Kogaluk River in northern Labrador is an ideal system for the study of
dendritic systems. The isolation of this river system means that it is subject to minimal
anthropogenic influence (Anderson 1985) allowing for the characterization of natural
connectivity within a dendritic system. The Kogaluk contains a number of hierarchically
arranged lakes and the system is punctuated by several waterfalls and more gradual
changes in elevation which may have shaped gene flow within the system. A waterfall at
the easternmost extent of the drainage prevents immigration (Anderson 1985), resulting
in a closed system.

Despite the relative simplicity of this system there are several factors that could
potentially shape neutral genetic structure of longnose suckers within this
metapopulation. I expect that longnose suckers will demonstrate high migration rates
between lakes due to their high dispersal ability. However, this dispersal may be thwarted
by the shallow streams connecting lakes resulting in isolated lake subpopulations that
experience a high degree of drift. This is what was observed in lake trout within this
watershed (McCracken et al. 2013a). Highly genetically distinct populations, a
correlation between N, values and lake areas, and a lack of IBD would support the same
conclusion for longnose suckers. Several environmental factors may have also shaped

neutral genetic structure of longnose suckers in this metapopulation. The waterfalls in this



system in particular are expected to provide significant barriers to gene flow. Distance,
slope, and elevation may also limit gene flow between lakes. The dendritic structure of
the system itself is anticipated to shape genetic structure by directing genetic diversity
towards the confluences and genetic diversity should decrease with distance from the
most downstream lake. I also expect that the dendritic structure of the metapopulation
will confer upon it an elevated metapopulation N, that exceeds the sum of the individual
lake’s N, values. However, given that this watershed was colonized only as early as

9 000 years ago (Bryson et al. 1969, Short and Nichols 1977) I predict that this
metapopulation is not in migration-drift equilibrium and therefore will not demonstrate a
pattern of IBD (Slatkin, 1993). If this is the case, there will be a reduction in genetic
diversity from the first lake colonized (according to the most likely colonization route) to
subsequently colonized lakes due to loss of genetic diversity from founder effects
(Austerlitz et al. 1997, Le Corre and Kremer 1998). By determining the relative effects of
life history traits, contemporary environmental barriers, the system’s dendritic structure,
and the historical colonization of the system on this metapopulation’s genetic structure,
this research will provide an understanding of the factors that are most influential in

dictating connectivity in an undisturbed, subarctic river system.



CHAPTER 2: MATERIALS AND METHODS

2.01 Study Site and Sampling

The Kogaluk River (Figure 2.01.1, Table 2.01.1) comprises a number of
hierarchically-arranged barren ground lakes that drain into Cabot Lake, a 2 440 ha fjord
lake (Anderson 1985). The Kogaluk River runs east from Cabot and drains into Voisey’s
Bay and the Atlantic Ocean. A 9.2 m high waterfall located 6.4 km upstream from the
river mouth at the southern end of Voisey’s bay is expected to prevent fish immigration
(Anderson 1985). Upstream of Cabot are four more waterfalls, all greater than 5 m in
height (and all likely to be complete barriers to upstream fish migration), each marking
the downstream end of a major tributary of the Kogaluk River (Anderson 1985). Barren
ground lakes in the northwestern part of the system are relatively unproductive and are
frozen up until July of each year; they remain ice-free for less than 150 days each year
(Lopoukhine 1978). The system’s remote location has resulted in minimal anthropogenic
influence within the region (Anderson 1985).

Fish species that are present and abundant in the Kogaluk River include: lake trout
(Salvelinus namaycush), round white fish (Prosopium cylindaceum), lake chub (Couesius
plumbeus), Arctic char (Salvelinus alpinus), and the longnose sucker (McCracken et al.
2013a) the latter being the species of focus for this study.

Genetic samples were taken from a total of » = 1315 longnose sucker individuals
collected from 11 lakes within the Kogaluk River between 2006 and 2014. Mistastin
Lake, Hawk Lake and Genetics B did not yield sufficient samples (<15 per lake) for a
population genetics study and these samples were removed from subsequent analysis
leaving n = 1297 individuals. Lakes were sampled in at least two locations during each
sampling event using variably-sized standardized nylon monofilament gillnets (1.27 cm
to 8.89 cm diagonal) and/or electrofishing to ensure sampling of a wide variety of age
classes. Fish were weighed, their fork length measured, and their sex and maturity
assessed. Pectoral fin clips were extracted and either immediately stored in 95% ethanol

or stored as dried samples. Opercula were extracted, boiled and stored dry.
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Figure 2.01.1 The Kogaluk River in northern Labrador. The map inset demonstrates the
location of the system within Labrador. The Kogaluk River drains into the Atlantic Ocean
by Voisey’s Bay at the easternmost extent of the system. Five waterfalls (WF1-WF5) are
present within the system at the following heights: WF1 is 15 m high, WF2 is 12 m, WF3
is 5.4 m, WF4 is 5.4 m, and WF5 is 9 m (Anderson 1985). Figure adapted from Fig.1 of
McCracken et al. (2013a), map inset created using data courtesy of the Ministry of
Natural Resource’s Geogratis website (http://geogratis.cgdi.gc.ca) in ArcGIS Desktop:
Release 10.1 (ESRI, 2012).



2.01.1 Environmental, life history, and genetic characteristics of eight lakes within the Kogaluk River (Labrador, Canada). MAS is
metres above sea level, N/A is not available, w is the maximum age observed in each lake, AL is the adult life span for each lake, 7T is
the generation time, Ay is allelic richness, H, is observed heterozygosity, H. is the expected heterozygosity.

Lake name I{Joa:gtiltl:s’e E(llev‘[]ig;n Halzil:zltz?rea D(e;g;h AL Rg’;;)“gi‘:;l::{?:es T N?}Tl:)eetli-c()f AR H, H,
Interval) Samples

Lake 1 Zizggi 3;?% 525 11.3 3.9 32 223 0.704 (0.613 - 0.794) 133 59 8.28 0.66  0.65
Genetics H zgzzg’, (I)ZZ:I\\IV 512 2.81 6.5 25 153 0.706 (0.654 - 0.759) 13.2 201 9.45 0.63 0.64
Slushy 222(2)2: gg?,?\\i]’ 464 2.99 153 26 16.3 0.602 (0.518 - 0.685) 12.0 103 9.92 0.65 0.64
Strange Zgzég igi?{i} 487 2.09 N/A 22 12.3 0.716 (0.666 - 0.766) 13.1 122 8.48 0.61 0.61
Esker 22:42‘31 ﬁﬂ% 431 53.98% N/A 51 413 0.910 (0.894 - 0.927) 242 138 11.19 0.65 0.65
WP152 222%’, gg;:l\\i/ 445 53.98* 16.1 36 263 0.795 (0.740 - 0.850) 15.6 74 11.01 0.68 0.67
T-Bone 222(5)2: g?;::l\\i; 468 19.76 N/A 16 6.3 0.692 (0.609 - 0.775) 12.0 115 9.62 0.63 0.64
Cabot Zg:gg:gz:{j&/ 60 25.39 N/A 21 113 0.623 (0.553 - 0.693) 12.1 57 10.52 0.65 0.65

* Habitat area estimate for Esker Lake and WP152 lake combined.



2.02 Opercula Dating

Opercula were collected from a total of » = 1175 longnose suckers from 11 lakes
within the Kogaluk River between 2006 and 2014. Opercula were aged following Perry
and Casselman (2012) by observing them concave side up under a dissection microscope.
Each operculum was placed with the articulation socket proximal to the viewer and
annuli (as denoted by a translucent region immediately adjacent to an opaque region)
arranged horizontally within the field of view. Annuli were counted by eye using a
dissecting light microscope with bottom lighting. Perry and Casselman (2012) suggest an
age correction to compensate for the number of annuli covered by the dense bone growth
region. However, the dense bone growth region was found to only affect aging of those
individuals aged 10 or older (Perry and Casselman, 2012). Analyses were calculated
using both the uncorrected and corrected ages and results were not found to differ greatly.
However, generation time (7), adult lifespan (AL), maximum age (@), and age at 50%
maturity (o) estimates were generally one to two years greater when using corrected ages
in comparison to uncorrected ages. The true value for these parameters likely lies
between these two extremes. For simplicity, only the uncorrected ages will be
subsequently discussed, however, the results of analyses conducted using the corrected
ages are presented in Appendix A.

Given the low number of opercula collected from Mistastin Lake, Hawk Lake and
Genetics B (<15 per lake), these opercula samples were removed from subsequent
analysis leaving n = 1158 samples. Opercula for young of the year fish were not collected
due to their fragility and difficulty in removing the operculum. Fish <70 mm and caught
using electrofishing were assumed to be young of the year (n = 195). Ages were

converted to year cohorts.
2.03 Life History Analyses
i) Age Structure

Age at 50% maturity (a) was estimated using a binomial logistic regression

(Harry et al. 2013) with age as the independent variable and maturity as the binomial
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dependent variable (n = 1072) (where mature individuals were designated as 1, and
immature individuals were designated as 0) in R (R Core Team, 2013). Adult lifespan
(AL) was estimated at AL = w —a + 1, where w is the maximum age (Waples et al.
2014) and was made equal to the age of the oldest individual sampled in each respective

lake.

ii) Generation Time Estimation

Age distributions of gillnet-caught samples were compared between years within
each lake using Kolmogorov-Smirnov test with a Bonferonni corrected a-value. Samples
were pooled for each lake when yearly age distributions were not significantly different. The
Robson-Chapman annual survivorship estimate (§) (Chapman and Robson 1960, Robson
and Chapman 1961) was calculated for each lake using only the ages of those individuals
caught using gillnets (n = 1050). S was used to determine /, (probability of survival to
age x) for each age class (x), assuming [p =1, /; = S 1xlo, L= .§2xlo, ... L, = $”xl,, where w
is the maximum age observed in the respective lake.

The ages of mature females were log.-transformed and correlated with fork length
using a linear model (7 = 204). In order to relate age with fecundity, fork length in the
derived equation was then equated to total length in the following equation relating
fecundity (number of eggs) with total length (Childress et al. 2015) for longnose suckers
in the Great Lakes.

[1]  f=0.016 x (TL)*"™

Where fis the number of eggs produced and TL is the total length of the fish in
cm. It is assumed that fecundity and its relationship with TL in the Kogaluk is the same
for those in the Great Lakes. This assumption is supported by the fact that fecundity was
not found to significantly correlate with latitude in 20 species of European freshwater fish
(Blanck and Lamouroux 2007).

Given that fork length and total length are often linearly related (Carlander and
Smith 1945), equivocating total length with fork length for the purposes of relating
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fecundity with age was justified as resulting fecundities for each age class would be
biased by a constant factor for each age class, which would cancel out with the
calculation of generation time (see Equation 2 below).

Fecundity was estimated for each age class using the resulting equation from age
class a (rounded down to the nearest age) to age class w. The ffor each age class was
divided by 2 to approximate m, the number of offspring produced by an individual of age
x to account for the fact that only half of the population is female.

Generation time (7)) was calculated according to Birch (1948) as:

[2] T: lexmx

2 lemy
2.04 DNA Extraction, Amplification, and Genotyping

Fin clips were digested at 55°C for eight or more hours using Proteinase K (Bio
Basic Inc., Markham, ON, Canada). DNA was then extracted using a Multiprobe II plus
liquid handling system (Perkin Elmer, Waltham, MA, U.S.A.) according to the glassmilk
protocol (Elphinstone 2003).

Twenty microsatellite loci with demonstrated polymorphisms that could be
accurately and consistently scored were selected for amplification (see Appendix B for
primer sequences).

Samples were amplified using PCR (see Appendix C for PCR reaction contents and
Appendix D for thermocycler programs).

PCR products were diluted with formamide at a ratio between 1:1 and 1:20
depending on PCR product quality. Li-COR 4200/4300 machines (Li-COR Biosciences,
Lincoln, Nebraska) were then used to visualize the PCR product. The resulting images
were analyzed using SAGA Automated Microsatellite Software 3.3 (Li-COR
Biosciences, Lincoln, NE, U.S.A.) to determine the genotypes of individual samples,

which were checked manually for accuracy.
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2.05 Genetic Quality Control Analyses

The presence of scoring errors and null alleles was assessed using
MICROCHECKER 2.2.3 (van Oosterhout et al. 2004). Linkage disequilibrium and
departures from Hardy-Weinberg equilibrium were assessed for each marker within each
population using Arlequin 3.5.1.3 (Excoffier and Lischer 2010). Evidence of pairwise
linkage between markers was calculated using 10 000 permutations. Departures from
Hardy-Weinberg equilibrium were assessed for each marker using 1 000 000 Markov
chain steps and 100 000 dememorization steps. P-values from both tests were adjusted
using the false discovery rate correction (Benjamini and Hochberg 1995). Microsatellite
markers that were potentially under selection were identified using LOSITAN (Antao et
al. 2008) using 1 000 000 simulations of the stepwise mutation model, a subsample size

of 50, and a false discovery rate of 0.05.

2.06 General Genetic Characteristic Analyses

FSTAT (Goudet 2001) was used to determine each lake’s allele frequencies and
allelic richness and Arlequin 3.5.1.3 (Excoffier and Lischer 2010) was used to determine
each lake’s observed and expected heterozygosity. Allelic richness, observed
heterozygosity and expected heterozygosity were correlated with waterway distance to
the most downstream lake (Cabot). Negative correlations would be expected if genetic
diversity was pooling in the downstream lakes. Fgys were calculated in MSA 4.05 using
100 000 MCMC permutations (Dieringer and Schlétterer 2003). A principal coordinates
analysis (PCoA) using Fgrs was conducted in GenAlEx 6.501 (Peakall and Smouse 2006)

to visualize genetic relationships among lakes.

2.07 Genetic Population Structure Analyses

Population structure was assessed using hierarchical analyses conducted in
STRUCTURE 2.3.4 (Pritchard et al. 2000, Hubisz et al. 2009). Each analysis was run
using the admixture model, 10 replications, 5 000 000 MCMC permutations and
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2 000 000 burn-in steps. The STRUCTURE analysis was performed hierarchically, first
with all eight lakes and subsequently with each of the clusters identified in the first step.
This procedure was repeated until no more population structure was found among or
within lakes. The most likely number of clusters (K) was determined using the Evanno
method (Evanno et al. 2005) and calculated using STRUCTURE HARVESTER (Earl and
vonHoldt 2012). For each analysis, the 10 replicates for the most-likely K-value were
aggregated into a single file using CLUMP 1.1.2 (Jakobsson and Rosenberg 2007) and
then visualized using DISTRUCT 1.1 (Rosenberg 2004).

AMOVAs were calculated in Arlequin 3.5.1.3 (Excoffier and Lischer 2010) using
50 175 permutations to determine genetic variation among and within 1) the lakes that are
north of the Kogaluk River (Lake 1, Genetics H, Slushy, Strange, Esker, WP152) and
those that are not (T-Bone, Cabot), 2) groups of lakes separated by waterfalls, 3) clusters
identified by STRUCTURE. The lakes north of the Kogaluk River were predicted to be
different from the remaining lakes based on the results of McCracken et al. (2013a) who
found that the main genetic division in lake trout populations within the Kogaluk was
between the northern and southern lakes. Lakes separated by waterfalls were also
predicted to exhibit relatively high genetic differentiation due to the presumed barrier to
gene flow posed by these waterfalls.

The genetic distances associated with each particular stream section were assessed
using STREAMTREE (Kalinowski et al. 2008). This program uses a modification of the
least-squares analysis used in phylogenetic tree construction to determine the genetic
distances associated with a particular stream section by assuming that the sum of genetic
distances attributed to each stream section between two subpopulations is equivalent to
those subpopulation’s pairwise Fgr (Kalinowski et al. 2008). Because STREAMTREE
requires that there be only one possible pathway between populations, and Lake 1 and
Genetics H are connected by two different stream sections (see Figure 2.01.1, a separate
analysis was conducted for each possible connection between these two lakes).
STREAMTREE analyses were conducted for both the full system and only the northern

six lakes.

14



2.08 Migration Rate Analysis

Gene flow between lakes was estimated using BayesAss version 3.0 which uses a
Bayesian analysis to estimate contemporary migration rates (Wilson and Rannala 2003).
Gene flow between lakes was estimated for the whole system (eight lakes) and again, for
only the six northern lakes (Lake 1, Genetics H, Slushy, Strange, Esker, WP152). Each
run had 2 000 000 burn-in steps and 20 000 000 iterations. For all runs the mixing
parameters for migration rate, allele frequencies, and inbreeding coefficients were set at
0.07, 0.15, and 0.15 respectively to ensure that acceptance rates for changes in these
variables were between 20% and 60% (Rannala 2007). Results were assessed by visually

checking tracer plots.

2.09 Estimating Causes of Genetic Differentiation

A series of Mantel tests each using 9 999 iterations was conducted in GenAIEx
6.501(Peakall and Smouse 2006) to test for the effects of a number of landscape factors
on gene flow and genetic differentiation. Fsps were linearized (Fgp /(1- Fgp)) since
linearized Fgrs are thought to correlate more closely with distance when testing for IBD
(Rousset 1997) and were used for all Mantel tests for the sake of consistency. Linearized
Fsrs were compared to the following: waterway distances between lakes (IBD),
differences in elevation between lakes to test for isolation by elevation, and differences in
average waterway slope between lakes (calculated according to Stelkens et al. 2012) to
determine the effect of isolation by slope. The effect of waterfalls on gene flow was
tested by using a matrix of the number of waterfalls between lakes. Mantel tests were
conducted for the full system of eight lakes and also for the six northern lakes with the
exception of the Mantel test for waterfall effects since there are no waterfalls between
any of the six northern lakes.

Given that multiple landscape factors could limit gene flow in this system, the
results of each Mantel test were subject to a decomposed pairwise regression (Koizumi et
al. 2006, McCracken et al. 2013a) to identify and remove potential outlier lakes which

could be masking the effects of the tested landscape variable. Lakes with 95% confidence
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intervals of their residuals not including 0 were considered putative outliers and
subsequently removed from the Mantel test until no putative outlier lakes remained. The
best model for each test was determined based on the lowest corrected Akaike’s
Information Coefficient (AIC,).

To test whether genetic drift due to lake isolation was responsible for genetic
differentiation among lakes, mean pairwise allelic richness was correlated with pairwise
Fsrs. A negative correlation would indicate that populations with high allelic richness
were not as genetically distinct as those with low allelic richness due to the effects of drift
(Raeymaekers et al. 2008). Additionally, mean pairwise allelic richness was correlated
with standardized residual pairwise Fgrs after pairwise Fgrs had been regressed against
geographic distance to determine if drift could explain underlying variation in any

detected pattern of IBD for the entire system.

2.10 Identification of Migrants

Potential first-generation immigrants were identified using GENECLASS2 (Piry et
al. 2004). The L _home/L._max (the likelihood of each individual’s genotype based upon
the genotypes of all other individuals within the sampled population divided by that
individual’s genome’s maximum likelihood in comparison with any population
(including the population where the individual was sampled)) was used to determine the
residence likelihood of each individual (Paetkau et al. 2004). These likelihood values
were compared with those of 1 000 simulated genotypes created using a Bayesian
analysis (Rannala and Mountain 1997) and a Monte Carlo resampling method (Paetkau et
al. 2004) to determine the probability of the observed likelihood. First-generation
immigrants were identified in each lake using a Type-I error of 0.01 and were removed
from subsequent analysis when calculating N, to meet the assumption of closed

populations (Waples and Do 2008).
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2.11 Estimating N, and N,

N, was calculated for each lake using LDNe; a single-point estimator that assesses
N, based on linkage disequilibrium (Waples and Do 2008). Each lake’s N was calculated
with and without migrants identified in GENECLASS?2. For all LDNe analyses a P,
(minimum allele frequency) of 0.02 was used as advised by Waples and Do (2010) since
all lakes had a sample size >25.

The N, of the entire metapopulation was calculated using the method described by
Tufto and Hindar (2003) (meta-lve(T+H)). This technique has fewer assumptions than
other techniques and is often more precise when metapopulation N,is relatively large
(Gomez-Uchida et al. 2013). meta-IVe(T+H) were calculated using N, calculated in LDNe
(IVe(LDNe)) that were generated with and without migrants for both the whole system and
only the northern six lakes. Migration rates for each meta—lve(T+H) were calculated in
BayesAss using the same parameters as described above.

The sums of the lake Ne(LDNe) values were compared with the meta—Ne(T+H) values

to determine if dendritic structure conferred an elevated genetic diversity as predicted by
Morrissey and de Kerckhove (2009).

Correlation analyses between lake N, and elevation as well as lake N, and lake area
were conducted using R (R Core Team, 2013). A negative correlation between N, and
elevation would suggest that genetic diversity is accumulating in the downstream
subpopulations, indicating unidirectional dispersal (Castric et al. 2001, McCracken et al.
2013a). A positive correlation between N, and lake area would suggest that habitat area

and therefore genetic drift dictates genetic diversity in the absence of migration

(McCracken et al. 2013a).

The effective number of breeders (Ny,) was estimated for each lake using LDNe. A
combination of two to three age cohorts was used to estimate N}, when a single cohort did
not yield a positive N, (Waples et al. 2014).

To correct for age structure bias in the raw Ny, these values were adjusted based on

the life history traits & and AL according to Waples et al. (2014):
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raw Ny,
1.103-0.245 x log()

31 No@djz) =

The adjusted effective number of breeder estimates (ﬁb(adjz)) were then used to

estimate adjusted effective population size estimates (Ne(adj 2)):

- Np(adjz)
4 Ne(agjz) =
[4] e@dj2) "~ 48540758 x log(%)

Ne(adjz) was compared with IVe(LDNe) for each lake.

2.12 Historical Colonization Assessment

DIYABC v2.0 (Cornuet et al. 2014) was used to assess the relative likelihood of
three potential colonization routes taken by longnose suckers into the Kogaluk. Because
DIYABC assumes no migration occurs between populations after divergence (Cornuet et
al. 2008) and given the very high migration rate and high genetic similarities (as seen in
STRUCTURE results) between Esker and WP152, these two lakes were combined for
this analysis.

The first colonization route assumes longnose suckers invaded the Kogaluk from
the south and east and is based on the prediction that longnose suckers colonized northern
Labrador by migrating up the coast after an initial colonization of the Churchill River
(Black et al. 1986). In this scenario Cabot was first colonized, followed by a subsequent
invasion of Esker/WP152 at time te from which all other lakes were colonized at later
time intervals (ta, tb, tc, td) (Figure 2.12.1). T-Bone was independently colonized from
Cabot at some other time tf. (Accordingly, tf > te, tf > td > tc > tb > ta, and te > td > tc >
tb > ta.)

The second colonization route was based on the STRUCTURE results, where
Lake 1, Genetics H, Slushy, Strange, Esker/WP152, and T-Bone were each initially

colonized at the same time th. Cabot was subsequently colonized from Esker/WP152 at
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time tg in accordance with the location priors STRUCTURE results. (Accordingly, th >
tg.)

A third colonization assumed that longnose suckers invaded the Kogaluk system
from the south and west using the large paleolake Naskaupi which formed to the west of
the Kogaluk between 8 400 and 7 500 years BP. This is the colonization route that lake
chub are thought to have taken into the Kogaluk (Michaud et al. 2010). This scenario
included an initial colonization of T-Bone, Strange, Slushy at time tm. These lakes were
all either covered by lake Naskaupi or immediately adjacent to this lake between 8400
and 7 000 years BP (Jansson and Kleman 2004). An admixture of migrants from Strange
and Slushy invaded Esker/WP152 at time tl from which the northernmost lakes, Genetics
H and Lake 1 were subsequently invaded (at times tk and tj, respectively). Cabot was the
result of an admixture event from the upstream Esker/WP152 and T-Bone at time ti.
(Accordingly, tm > tl > tk > tj > ti.)

All time periods were assumed to take place after the retreat of the Laurentide Ice
Sheet from the Kogaluk around 9 000 years BP (Bryson et al. 1969, Short and Nichols
1977). Given that the calculated generation time for most lakes in this system varied
between 12 and 13.5 years (with the exception of Esker and WP152 which had very high
generation times see Table 2.01.1 and section 3.01 of results and section 4.01 of
discussion) all time periods were modelled to occur between 10 and 750 generations ago.
In total, 3 x 10° simulations were run for all three models. A Stepwise Mutation Model
was assumed and mean mutation rate was assigned a uniform distribution and was
allowed to range between 1 x 10 and 1 x 10, while individual mutation rate was
allowed to range between 1 x 10 and 1 x 107, N, values were allowed to be variable
among lakes, to range uniformly between 1 x 10" and 5 x 10*, and were assumed to be
equal through time. The one-sample summary statistics employed for generation of
simulated datasets included mean number of alleles, mean genic diversity, and mean size
variance. Two-sample summary statistics included mean genic diversity, mean size
variance, and (dp)* distance.

A Principal Components Analysis (PCA) was used to pre-evaluate the similarity
between the distribution of the datasets generated using each of the three scenarios with

the observed dataset. The relative posterior probabilities of all three scenarios were
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assessed with the logistic regression method using a subset of 1% of the closest simulated
data. Linear regression was used to determine the distribution of the posterior parameters
from the most-likely scenario after taking a logit-transformation of the parameters, again
using a subset of 1% of the closest simulated data sets. Bias and precision were estimated
for each scenario using 500 pseudo-observed test data sets simulated using the original
parameters from the 1% subset of the closest simulated data sets. Type I and type Il error
rates were generated for each scenario using confidence estimates derived from 500
pseudo-observed test data sets simulated using each scenario and the original parameters.
Type I error rate was calculated as the proportion of data sets where a scenario other than
the focal scenario (the one used to generate the data set) was selected as best. Type II
error rate was calculated as the proportion of data sets where the focal scenario was
falsely chosen as the best scenario (averaged over both alternative scenarios). Model
checking was completed for each scenario using two summary statistics not used in the
initial data set generation as encouraged by Cornuet et al. (2010). The summary statistics

used for model checking were the two-sample mean number of alleles and Fsr.
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a) Scenario 1 (Warning! Time is not to scale.) b) Scenario 2 (Warning! Time is not to scale.)
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Figure 2.12.1 Three scenarios outlining colonization of longnose suckers (Catostomus
catostomus) into the Kogaluk River that were assessed using DIYABC. t stands for a
time value in generations. a) Scenario 1, where Cabot was colonized first followed by the
colonization of Esker from which all other lakes in the northern arm of the Kogaluk were
colonized. T-Bone was colonized from Cabot at some independent time. (tf > te, tf > td >
tc >tb > ta, and te > td > tc > tb > ta.) b) Scenario 2 is based on the STRUCTURE results
where all lakes were colonized at the same time with the exception of Cabot which was
colonized from Esker/WP152 at some more recent time. (th > tg.) ¢) Scenario 3, where
colonization occurred first in the westernmost lakes (T-Bone, Slushy and Strange) from
lake Naskaupi. Esker/WP152 was colonized from an admixture event of migrants from
Slushy and Strange. Genetics H and Lake 1 were colonized from Esker subsequently.
Cabot was colonized as an admixture event of migrants from T-Bone and Esker/WP152.
(tm > t1 > tk > tj > ti.)
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CHAPTER 3: RESULTS

3.01 Life History

i) Age Structure

Ages ranged from young of the year (0) to 51 years old over all individuals that
were aged (n = 1353) (Figure 3.01.1). Age at 50% maturity (a) was 10.7 (Fig 3.01.2). AL
ranged from 6.3 in T-Bone to 41.3 in Esker (Table 2.01.1).

ii) Generation Time

The natural logarithm transformation of the ages of mature females was
significantly correlated with fork length (P < 0.001, adjusted R* value of 0.62, Figure
3.01.3) as follows:

[5] FL=13.94 x log.(Age) + 0.98)

Where FL is the fork length in cm.
FL in equation [5] was equivocated with total length (TL) in equation [1]:

[6] f=0.016 x [13.94 x (log.(Age) + 0.98)* "]

Where f'is the number of eggs produced. Equation [6] was used to generate f for
each age class.

There was no significant difference in age distribution within lakes between
collection years based on Kolmogorov-Smirnov tests (all P> 0.05, Appendix E). Annual
samples within lakes were thus pooled. Robson-Chapman estimates of annual survival varied
from 0.602 in Slushy to 0.910 in Esker (Table 2.01.1). Generation time varied from 12.0 in
T-Bone and Slushy to 24.2 in Esker (Table 2.01.1).
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Figure 3.01.1 Number of longnose suckers (Catostomus catostomus) sampled for each
age class.
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Figure 3.01.2 The age at 50% maturity (a) for longnose suckers (Catostomus
catostomus) from the Kogaluk River estimated using a binomial logistic regression of n =
1072 samples of age versus maturity.
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Figure 3.01.3 Correlation between fork length in cm (FL) with the natural logarithm
transformation of ages of mature, female longnose suckers (Catostomus catostomus)
caught in the Kogaluk River.
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3.02 Genetic Quality Control

A total of n = 869 individuals were successfully amplified for at least 13 out of 20
markers (Table 2.01.1). Two of these markers (DLU4259 and MOHU268) exhibited low
amplification success (>10% missing over all individuals) and a third marker (DLU4183)
exhibited evidence of potential null alleles in six of eight lakes (see Appendix F). All
three markers were excluded from further analysis. Two other markers (DLU439 and
CCAT16), exhibited evidence of null alleles in one lake each; these loci were retained
given the lack of consistency of null alleles across lakes in these loci, leaving a total of 17
markers for the study. Overall, 248 (28.5% of 869), 267 (30.7%), 144 (16.6%) and 84
(9.7%) individuals had scores for all 17, 16, 15 and 14 markers, respectively. A further 57
(6.6%), 32 (3.7%), 20 (2.3%) and 17 (1.96%) individuals were missing 4, 5, 6 and 7
markers, respectively. Overall therefore, 98.0% of the individuals had scores for at least
13 of 17 loci and fewer than 2% of the individuals were missing scores for 7 markers. No
locus exhibited >10% missing data over all lakes, and missing data per lake over all loci
was <10%.

Two loci (CCAT43 and CCAT16) exhibited evidence of departure from Hardy
Weinberg equilibrium in one lake (Strange) after controlling for false discovery rate
(Benjamini and Hochberg 1995) but this was only slightly greater than the 0.8 significant
comparisons expected within a population given an a-value of 0.05 and 17 comparisons.
There was also evidence of linkage disequilibrium between DLU439 and CCAT32 in
Esker which was fewer than the 6.8 expected number of significant comparisons within a
population given an a-value of 0.05 and 136 comparisons. No other evidence of
departures from Hardy Weinberg equilibrium or linkage disequilibrium was observed.

Two markers (US3 and CCAT16) were identified as putatively under positive
selection by LOSITAN (Fig 3.02.1). However given the high type I error rate associated
with this outlier detection program (Narum and Hess 2011), and the fact that
microsatellites are generally considered to be neutral markers (Jarne and Lagoda 1996),

these two markers were included in subsequent analysis.
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Figure 3.02.1 LOSITAN output relating Fg; with heterozygosity for 17 neutral
microsatellite markers.
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3.03 Genetic Characteristics

Allelic richness ranged from 8.28 in Lake 1 to 11.19 in Esker (Table 2.01.1) and
correlated significantly with distance to the most downstream lake (Cabot) in the northern
six lakes (R* = 0.77, P < 0.021) but not when considering all eight lakes (R* = 0.35, P >
0.121) (see Appendix G). Observed heterozygosity ranged from 0.61 in Strange to 0.68 in
WP152 while expected heterozygosity ranged from 0.61 in Strange to 0.67 in WP152
(Table 2.01.1) and neither correlated with distance to the most downstream lake in either
the full system or in the northern six lakes (all P> 0.05) (see Appendix G). Fgrs ranged
from 0.004 between Esker and WP152 and 0.070 between Lake 1 and Strange (see
Appendix H, Table H1) and are visualized in a PCoA biplot (Figure 3.03.1). Linearized
Fsrs ranged from 0.004 between Esker and WP152 and 0.076 between Lake 1 and
Strange (see Appendix H, Table H2).
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Figure 3.03.1 Principal coordinates analysis based on pairwise linearized Fsps between
longnose suckers (Catostomus catostomus) samples from eight lakes within the Kogaluk
River.
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3.04 Genetic Population Structure

Both the Evanno et al. (2005) and Pritchard et al. (2000) methods suggested K = 6
for the initial STRUCTURE analysis (see Appendix I, Figure I1 for Evanno and AK
plots). All lakes formed genetically distinguishable clusters with the exception of Esker,
WP152 and Cabot which formed the sixth cluster (Figure 3.04.1 a). Subsequent analysis
of this last cluster revealed no further genetic differentiation among these lakes (Figure
3.04.1 b) unless the analysis was conducted with the use of location priors. The use of
location priors is justified in this instance because the great waterway distance and
intermediate waterfall separating Cabot from Esker and WP152 suggests that these three
lakes are not likely to form a panmictic population. With the use of location priors for
only these three lakes K = 2, with Cabot lake being genetically distinguishable from both
Esker and WP152 (Figure 3.04.1 ¢ see Appendix I, Figure 12 for Evanno and AK plots)).
Esker and WP152 were found to be genetically indistinguishable even when using
location priors (Figure 3.04.1 d).

A hierarchical AMOVA that grouped the northern lakes (Lake 1, Genetics H,
Slushy, Strange, Esker, WP152) separately from the southern lakes (Cabot, T-Bone)
found 1.06% of genetic variation was explained among groups and 3.07% was explained
among populations within groups, meaning that longnose suckers inhabiting the northern
lakes were on average 4.14% genetically different from those inhabiting the southern
lakes (Table 3.04.1). When lakes were grouped according to waterfall separation 0.71%
of genetic variation was explained among groups and 3.20% was explained among
populations within groups, for a total of 3.91% average genetic distinction between lakes
in groupings separated by waterfalls. An AMOVA that grouped lakes according to the
initial STRUCTURE resulted in K = 6, explained 2.17% of the total genetic variation
with a further 1.47 % explained among populations within groups. When grouping lakes
according to the STRUCTURE results using location priors (where all lakes were in a
different group with the exception of Esker and WP152), 3.22% of genetic variation was
explained among groups and 0.36% was explained among populations within groups.
The average total genetic distance between lakes in these groupings was 3.59%. All

AMOVA tests were significant (P < 0.05) with the exception of the within-population
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genetic variation calculated when comparing lake groupings delineated by waterfall
presence (P > 0.100).

Genetic distances associated with stream sections varied from 0 to 0.0409 over all
STREAMTREE models. The highest genetic distances over all models were associated
with the stream sections between Strange and Esker and between Lake 1 and Esker. In
general the stream section between Esker and WP152 and the stream section between
Cabot and the node connecting this lake with the rest of the system were the sections with
the lowest associated genetic distances. The stream section between Esker and the node
located at the point where Lake 1 and Genetics H connect (in the models where Lake 1
and Genetics H drain into a common downstream point) and the stream section between
Esker and Genetics H (in the models where Lake 1 flows directly into Genetics H) also
had low genetic distances associated with them. The first model (where Lake 1 and
Genetics H were connected at a fork downstream from both lakes) had more support (R
= 0.948 for the whole system (Figure 3.04.2a), R* = 0.969 for only the northern six lakes
(Figure 3.04.2b)) than the second model (where Lake 1 drained directly into Genetics H
(R*=0.879 for the whole system (Figure 3.04.2¢c), R*= 0.810 for only the northern six
lakes (Figure 3.04.2d)). Therefore the distance between Lake 1 and Genetics H was
calculated using this stream section (as measured using Google Maps (2015, Mountain
View, California)) for the IBD Mantel tests (see Section 3.06). Genetic distances
associated with stream sections did not differ considerably between the models

containing all lakes and the models containing only the northern six lakes.
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Figure 3.04.1 Hierarchical STRUCTURE plot based on the genotypes of 17 loci for
longnose suckers (Catostomus catostomus) collected from the Kogaluk River. Most
likely K (number of clusters) value was determined using the Evanno method (Evanno et
al. 2005). a) The initial analysis differentiated Lake 1 (L1), Genetics H (GH), Slushy
(SLU), Strange Lake (STG), and T-Bone (TB) as genetically distinct clusters with Esker
(ESK), WP152 (WP), and Cabot Lake (CL) forming the final cluster. b) STRUCTURE
analysis of only ESK, WP and CL revealed no further substructure. ¢) Analyzing these
three lakes using location priors revealed that the genetic distinctiveness of CL from ESK
and WP at K = 2 (the most likely K-value based on the Evanno method). d) Analyzing
only ESK and WP with location priors revealed no further substructure.
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Table 3.04.1 Summary of AMOVA results comparing: a) northern lakes (Lake 1 (L1),
Genetics H (GH), Slushy (SLU), Strange (STG), Esker (ESK), WP152 (WP)) with
southern lakes (T-Bone (TB), Cabot (CL)), b) northern lakes with Cabot and with T-Bone
¢) a single grouping of Esker, WP152 and Cabot with each other lake (the groupings
identified from STRUCTURE K = 6), d) a single grouping of Esker and WP152 with
each other lake. DF is degrees of freedom.

. Sum of Variance  Percentage

Source of variation DF Squares components  variation P
a) Northern Lakes, South Lakes
Among groups 1 70.86 0.06056 1.0642  <0.001
Among populations within groups 6 239.868 0.17483 3.07213  <0.001
Within populations 1604  8711.448 5.45547 95.86367 0.003
Total 1611  9022.176 5.69086
b) Northern Lakes, CL, TB
Among groups 2 94.152 0.04015 0.70713  <0.001
Among populations within groups 5 216.576 0.18166 3.19971  <0.001
Within populations 1604  8711.448 5.45547 96.09316 0.100
Total 1611  9022.176 5.67727
¢) L1, GH, SLU, STG, TB, ESK and WP and CL
Among groups 5 274.088 0.12264 2.16635 <0.001
Among populations within groups 2 36.64 0.0832 1.46963  <0.001
Within populations 1604  8711.448 5.45547 96.36402  <0.001
Total 1611  9022.176 5.66132
d) L1, GH, SLU, STG, TB, CL, ESK and WP
Among groups 6 301.564 0.18266 3.22792  <0.001
Among populations within groups 1 9.164 0.02051 0.36246  <0.001
Within populations 1604  8711.448 5.45547 96.40961  <0.001

Total 1611  9022.176 5.65864
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Figure 3.04.2 Longnose sucker (Catostomus catostomus) genetic distances associated
with stream sections calculated using STREAMTREE between eight lakes in the Kogaluk
River: Lake 1 (L1), Genetics H (GH), Slushy (SLU), Strange (STG), Esker (ESK),
WP152 (WP), T-Bone (TB), and Cabot (CL). Since Lake 1 and Genetics H are
potentially connected by two alternative stream routes L1 and GH were modeled as being
connected at a common downstream fork for a) the entire system (R* = 0.948) and c) only
the northern six lakes (R* = 0.969). Alternatively, Lake 1 was modelled as draining
digectly into Genetics H for b) the entire system (R = 0.879) and d) the northern six lakes
(R”=0.810).
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3.05 Migration Rates

Significant levels of gene flow were detected between some lakes: ranging from 2%
per generation from Esker to Genetics H to 30% from Esker to WP152 (Figure 3.05.1).
Most movement in the system was emigration from Esker including emigration to Slushy
(8%), Strange (3%), Genetics H (2%), WP152 (30%), and Cabot (24%). There was also
evidence of migration from Genetics H to Esker (3%). No other lake pairings

demonstrated significant migration.
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Strange

T-Bone

Figure 3.05.1 Black arrows indicate significant migration rates (as proportion of
individuals per generation) between lakes based on 95% confidence intervals (Rannala
2007) as calculated in BayesAss ver. 3.0 (Wilson and Rannala 2003). Thick arrows
indicate migration rates greater than 10% per generation; thin arrows indicate migration
rates less than 10% per generation. Standard deviations are in parentheses. Light grey
arrows indicate direction of water flow.
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3.06 Causes of Genetic Differentiation

A Mantel test of pairwise genetic and waterway distances initially showed no
support for IBD within the whole system (R*= 0.13, P >0.122, Table 3.06.1, Figure
3.06.1 a, see Appendix J, Table J1 for distance matrix). However, there was evidence of a
correlation between genetic and waterway distances after the removal of Strange (R>=
0.40, P < 0.007, Figure 3.06.1 c) and subsequently Lake 1 (R*=0.77, P < 0.003, Figure
3.06.1 e), which were each identified as outlier lakes through decomposed pairwise
regression. The removal of both Strange and Lake 1 also resulted in the lowest AIC,.
Similarly there was initially no evidence of IBD within the northern six lakes (R*= 0.02,
P >0.397), even after the removal of Strange which was identified as an outlier lake (R*
=0.02, P>0.394). However when Lake 1 was removed from analysis there was
significant evidence of a correlation (R*=0.58, P <0.043). Lake 1 was not identified as
an outlier based on decomposed regression but its removal is justified given its genetic
distinctiveness as revealed in the PCoA (Figure 3.03.1) and its removal resulted in the
lowest AIC,. (See Appendix K for all IBD Mantel tests and outlier lake detection among
the northern six lakes).

Neither elevation nor slope had an effect on genetic distance regardless of whether
the entire system or only the northern six lakes were considered; even after the removal
of outlier lakes (all P values > 0.05). (See Appendix J, for slope and elevation matrices
and see Appendix L and Appendix M for all tests and outlier lake detection for isolation
by elevation and isolation by slope, respectively.)

The Mantel test correlating the number of waterfalls with genetic distance was
significant when Strange and Lake 1 were removed and this model had the lowest AIC,
(R*=10.70, P <0.027, Figure 3.06.2 ¢). (See Appendix N for all tests.)

Given the collinearity between the number of waterfalls between lakes and the
pairwise waterway distances when Lake 1 and Strange lake were removed (R*= 0.675,
P =0.033), two partial Mantel tests were conducted to see which of these variables
correlated most with genetic distance. While waterway distance correlated with genetic

distance after controlling for the number of waterfalls (R2 =0.60, P <0.032), the
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correlation between the number of waterfalls and genetic distance was high but not
significant (R*= 0.432, P < 0.067) after controlling for waterway distance.

Mean pairwise allelic richness was significantly negatively correlated with both
pairwise Fgrs and the standardized residual Fsps after Fgrs were correlated with pairwise
geographic distances when all lakes were included in the analysis (R* = 0.69, P < 0.001;
R*=10.69, P <0.001 respectively). However, the correlation between mean pairwise
allelic richness and standardized residual Fgys became insignificant when Lake 1 and
Strange were removed from the analysis (R* = 0.02, P > 0.636) see Appendix O, Figure
01 and Figure 02). The correlation between mean pairwise allelic richness and Feps
remained significant with the removal of Strange and Lake 1 (R* = 0.39, P <0.01) but
became insignificant with the removal of one visually-identified outlier point, that for
Esker and WP152 (R* = 0.20, P> 0.109, see Appendix O, Figure O2c). Similar results
were observed within the northern six lakes (see Appendix O, Figure O3 and Figure O4).
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Table 3.06.1 Results of Mantel tests between pairwise genetic distances (Fsr) (G) and
pairwise elevation differences (E), slopes (S), and number of waterfalls (W) between
lakes when considering all lakes and only the northern six lakes. Potential outlier lakes
were identified and sequentially removed using a decomposed pairwise regression
(Koizumi et al. 2006). Lake exclusions were verified using AIC, and the best model (with
the lowest AIC,) is shown for each comparison.

All Lakes Northern Six Lakes

Comparison | Excluded Lakes R P Excluded Lakes R P
Dvs. G Strange, Lake 1 0.77 0.003 | Strange, Lake 1 0.58 0.043
Evs. G Strange <0.01 0.308 | Strange 0.01 0.311
Svs. G Strange <0.01 0.437 | Strange <0.01 0.558
Wvs. G Strange, Lake 1 0.70 0.027

D vs. G|W Strange, Lake 1 0.60 0.032

W vs. G|D Strange, Lake 1 0.43 0.067
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Figure 3.06.1 Correlation between pairwise linearized Fgy values and waterway distance
(km) between samples of longnose suckers (Catostomus catostomus) collected from eight
lakes within the Kogaluk River. a) Initially all lakes were included in the correlation and
b) a barplot of the residuals for each lake indicates Strange lake as a potential outlier lake
due to the lack of overlap between this lake’s 95% confidence interval (brackets) with 0.
This lake was subsequently removed and the correlation repeated c) with Lake 1 then
identified as an outlier lake in d) a barplot of the residuals. e) The correlation was
repeated with Lake 1 removed and f) a plot of the residuals revealed no further outlier

lakes.
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Figure 3.06.2 Correlation between pairwise linearized Fgr values and the number of
intermediate waterfalls between samples of longnose suckers (Catostomus catostomus)
collected from eight lakes within the Kogaluk River. a) Initially all lakes were included in
the correlation and b) a barplot of the residuals for each lake indicates Strange lake as a
potential outlier lake due to the lack of overlap between this lake’s 95% confidence
interval (brackets) with 0. This lake was subsequently removed and the correlation
repeated ¢) with Lake 1 then identified as an outlier lake in d) a plot of the residuals. ¢)
The correlation was repeated with Lake 1 removed and f) a plot of the residuals where
Slushy was identified as an outlier lake. g) The correlation was repeated with Slushy
removed and h) a plot of the residuals revealed no further outlier lakes.
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3.07 Identified Migrants

A total of 23 individuals were identified as potential migrants using
GENECLASS2: four in Lake 1, two in Genetics H, five in Slushy, five in Strange, three
in WP152, one in T-Bone, and three in Cabot (see Appendix P for putative origins of
migrants). However, the putative origins for some of the migrants were not concordant
with the structure of the landscape. For example the migrant in Genetics H was not likely
from its identified putative origin of T-Bone due to the two waterfalls and substantial
geographic distance between these lakes. In these cases, I suspect migrants are likely
from a lake genetically similar to the putative origin since the greatest likelihood for the
lake of origin in most migrants was close to that of the second most likely lake of origin.
The removal of these migrants for N, estimation is justified since they are still
sufficiently different from the lake they were captured in to be considered migrants

despite uncertainty as to their lake of origin.

3.08 Effective Size

N, was estimated for each lake with and without the individuals identified as
potential migrants. Esker and WP152 samples were combined for the purpose of
estimating N, given their observed genetic similarity. Migrants sampled in WP152 but
with a putative origin of Esker, as determined using GENECLASS2, and vice-versa, were
treated as residents of this combined population and not removed when excluding
migrants.

N, values estimated using all samples were negative for Esker and WP152 when
each were considered individually, regardless of whether or not migrants were included,
indicating little linkage disequilibrium was present, and suggesting large N, values in
these lakes (Macbeth et al. 2013)(Table 3.08.1). N, for T-Bone was negative with the
inclusion of migrants and near the upper limit of values that can be accurately estimated
by LDNe when excluding migrants (>10 000, Macbeth et al. 2013). For the remaining
lakes the removal of migrants did not considerably affect the N, values and generally

Cabot, Esker and WP152 had N, values that were about an order of magnitude greater
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than those of Lake 1, Genetics H and Slushy with Strange falling between these two
groups.

Metapopulation N, calculated using the Tufto-Hindar method (meta-IVe(T+H)) for
both the whole system and only the northern six lakes, with and without potential
migrants, were found to be lower than the sum of the lake N,s calculated using LDNe
(Ne(LDNe)) (Table 3.08.2). For all calculations of meta-Ne(T+H) a single Ne(LDNe) was
used for Esker and WP152. The negative IVe(LDNe) for T-Bone was excluded when the
meta-lve(T+H) was determined using the Ne(LDNe) value for each lake that was calculated
with the inclusion of migrants. Migration rates between lakes calculated for each meta-

—~

Ne¢(r4ny did not differ greatly from migration rates calculated for the whole system
(Appendix Q).

N, values estimated without migrants did not correlate with lake area (P >
0.05)(Table 3.08.3 and see Appendix R for scatterplot). N, values estimated with
potential migrants did significantly correlate with lake area (R* = 0.920, Fis5=151.484,

P <0.002) after the negative N, value for T-Bone was removed from the correlation
analysis. In both cases Esker and WP152 were treated as a single population with a single
N, value.

There were no significant correlations between lake elevation and any of the N,
values calculated with or without migrants (both P > 0.05, Table 3.08.3, and see
Appendix S for scatterplot). Again, Esker and WP152 were treated as a single population
with a single N, value.

Positive N}, were estimated for Genetics H, Slushy and Strange (Table 3.08.4). For
all three lakes the fewest number of cohorts (between one and three) that resulted in a
positive Nj, were used. The cohorts used to determine N}, for Genetics H and Slushy did
not contain any putative migrants and a positive value of N}, for Strange only occurred

with the inclusion of migrants. Ne(adj 2) derived from these N, were equal or greater to

each lake’s IVe(LDNe).
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Table 3.08.1 N, calculated using LDNe for each lake the inclusion and removal of
migrants identified using GENECLASS2. Esker and WP152 were each analyzed
separately and as a single population due to genetic similarity. The minimum allele
frequency used in the analysis (P.,;) was 0.02. 95% confidence intervals (CI) were
calculated using jackknifing between loci pairs.

With Migrants Number Of Without Migrants
Lake N, 95% CI | Migrants Removed N, 95% C1
Lake 1 557.6 202.5 - 4 704.3 2154 -0
Genetics H 168.1 1349 -216.8 2 168.0 133.6-219.5
Slushy 313.7 209.2 - 590.2 5 256.8 178.4 - 436.1
Strange 821.0 382.8 - 5 1301.1  451.7-
Esker -3563.0 1792.5 - 0 -3563.0 1792.5 -
WP152 -925.2 1325.0 - 3 -1185.3  992.0-
Esker/WP152 | 2740.4 1017.8 -0 1 2802.6  1060.7 -
T-Bone -39298.7 8203 - 1 11014.7 762.5 -0
Cabot 1196.6 302.1 -0 3 42872 3323 -
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Table 3.08.2 Metapopulation N, values calculated using the Tufto and Hindar method
(meta—ﬁe(T+H), Tufto and Hindar 2003) and from the sum of lake effective size estimates
calculated in LDNe (Ne(ipne)). Meta-Ne (41 values were calculated based on Negpye)
values calculated with and without migrants and for both the whole system and only the northern
six lakes. The negative IVe(LDNe) for T-Bone was removed from analysis when calculating the
meta-ﬁe(TJ,H) values based on those lVe(LDNe) values calculated with the inclusion of migrants.

meta-N e(T+H) Z N e(LDNe)
All lakes, with migrants 5018.0 5797.4
All lakes, without migrants 2557.5 20534.7
Northern Six lakes, with migrants 2345.8 4600.8
Northern Six lakes, without migrants 2485.6 5232.8
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Table 3.08.3 Correlation between N, values calculated with and without the exclusion of
migrants identified in GENECLASS?2 with lake area (km?) and lake elevation above sea
level (m). DF is degrees of freedom.

Correlation DF F-Statistic P R’

N, with lake area without migrants 1,5 0.687 0.445 0.121
N, with lake area with migrants 1,4 51.484 0.002 0.920
N, with lake elevation without migrants 1,5 0.245 0.641 0.046
N, with lake elevation migrants 1,4 0.260 0.637 0.061
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Table 3.08.4 The adjusted effective number of breeders Nb(adjz) and adjusted
effective population size Ne(adj 2) of three lakes with positive effective number of

breeders (N,,) calculated according to Waples et al. (2014). Values were
calculated assuming the age at 50% maturity (a) was 10.7 and adult lifespan (AL)
was equal to the maximum age of each particular lake minus 10.7 («).

_

Cohort(s) =~ ¥
Lake (by year of birth) " Ny 95% CI Nydjzy Neadj2)
Genetics H 2013 78 173.1  113.3-3343 162.6 269.2
Slushy 2002, 2003 31 815.5 140.7 -0 770.9 1234.0
Strange 2003, 2004, 2005 37 1737.0 184.1-00 1596.9 3000.6

(with migrants)
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3.09 Historical Colonization

The PCA used to pre-evaluate all three colonization scenarios in the DIYABC
analysis revealed only six summary statistics over all three colonization scenarios where
the proportion of values that were lower than that for the observed data set was lower
than 5% or higher than 95% (but greater than 1% and lower than 99%) (see Appendix T).
The models were concluded to fit well enough for further DIYABC analysis. DIYABC
identified scenario 3 which depicted colonization from the west as the most likely
colonization scenario with a posterior probability of 0.7801 (95% CI = (0.5487, 1.0000))
(Figure 3.09.1). This scenario included initial colonization of T-Bone, Slushy and Strange
from the glacial lake Naskaupi 615 generations ago (7 380 — 8 303 years BP assuming a
generation time of 12 - 13.5 (the generation time of most lakes in the Kogaluk excluding
WP152 and Esker)). This date corresponds well with the period when significant
overflow events occurred from lake Naskaupi through the Kogaluk between 8 400 to
7 000 years BP (Jansson and Kleman 2004). This was followed by an admixture of
migrants from Strange and Slushy invading Esker 560 generations ago (6 720 -7 560
years BP) but with little input from Strange (admixture rate = 0.208). Colonization of
Lake 1 and Genetics H from Esker occurred at approximately the same time (432
generations or 5 184 — 5 832 years BP for Lake 1, 466 generations or 5 592 — 6 291 years
BP for Genetics H). Cabot was colonized as an admixture of migrants from T-Bone and
Esker 210 generations ago (2 520 — 2 835 years BP) with approximately equal proportion
of migrants from each lake (admixture rate for Esker = 0.449). N, values estimated using
DIYABC (Ne(DIYABC)) tended to exceed IVe(LDNe) values but, in general, the relative
relationships among lakes remained similar (Table 3.09.1). Type I and average type II
error remained relatively low for the colonization from the west scenario at 0.168 and
0.055 respectively. Ten out of 42 summary statistics in this scenario were identified as
having a proportion of values that were lower than that for the observed data set that were

<5% or >95% (see Appendix U).
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Figure 3.09.1 Posterior probabilities of three colonization scenarios based on a subset of
the data sets generated in DIYABC that were closest to the observed data set.
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Table 3.09.1 Prior ranges and mean posterior values with 0.025 and 0.975 quantiles in
brackets for the parameters estimated for the best colonization scenario (“colonization
from the west”) attributed to a metapopulation of longnose suckers (Catostomus
catostomus) in the Kogaluk River using DIYABC. N is the effective population size, t is
time in generations, r is admixture rate, j is mutation rate.

Parameter Prior Mean Posterior (Q0.025 - Q0.975)
N1 1x10'-5x 10 5.87x 10° (3.75 x 10— 3.35 x 10%)
N2 1x10'-5x10* 8.87 x 10 (9.00 x 10° — 3.88 x 10%)
N3 1x10'-5x 10 3.42x 10*(1.71 x 10* - 4.92 x 10%)
N4 1x10'-5x10* 1.56 x 10* (3.49 x 10° — 4.46 x 10%
N5 1x10'-5x 10 4.95x 10* (4.83 x 10* - 5.00 x 10%)
N6 1x10'-5x10* 7.84x 10° (3.83 x 10> — 1.46 x 10%
N7 1x10'-5x 10 2.23x10*(3.94 x 10° — 4.80 x 10%)
ti 1x10'-7.5x10° 2.10x 10° (2.26 x 10> — 4.91 x 10%)
ri 1x10°-9.99x 10" 4.49x 10" (3.36x10°-9.34x 107
tj 1x10'-7.5x10° 432x10%(6.25x 10' - 6.85 x 10%)
tk 1x10'-=7.5x10° 4.66 x 10* (7.74 x 10" — 6.94 x 10%)
tl 1x10'-7.5x10° 5.60x 10° (3.13 x 10> - 7.22 x 10%)
rl 1x10°-9.99x 10" 2.08x 10" (4.34x10°-8.33x 10"
tm 1x10'-7.5x10° 6.15x 10° (3.59 x 10> — 7.45 x 10%)
n 1x10*-75x10°  8.12x 10" (4.46 x 10™* - 1.00 x 10™)
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CHAPTER 4: DISCUSSION

4.01 Life History Implications

Longnose suckers within the Kogaluk system are slow-growing and long-lived.
At 51 years, the maximum age observed in this study exceeded that observed in Great
Slave Lake and the Willow Creek-Chain Lakes system in Alberta (8 and 19 respectively,
Harris 1962, Walton 1980), and also exceeded the maximum age range of 22 - 24
reported by Scott and Crossman (1998). The age at 50% maturity for fish in this system at
10.7 was similar to that of longnose suckers sampled in the Great Slave Lake where no
mature fish under 9 were found (Harris 1962). In contrast, longnose suckers matured
between 4 - 6 years of age in Lake Superior and the Willow Creek-Chain Lakes system in
Alberta (Bailey 1969, Walton 1980). These observations are consistent with the delayed
maturation and increased lifespan observed at higher latitudes in other species due to the
short seasonal growth period and reduced metabolism associated with cold environments
(Blanck and Lamouroux 2007, Munch and Salinas 2009).

Despite the overall trend of slow-growth and long life spans, life history traits
varied among lakes. Adult lifespans ranged between 6.3 and 11.3 in T-Bone and Cabot to
41.3 years in Esker. The low lifespans associated with T-Bone, a barren ground lake,
could be due to higher levels of predation or competition (Hixon and Jones 2005) or to
poorer habitat quality (Sinsch et al. 2007). Cabot is a deep fjord lake providing a better
thermal habitat for lake trout (which have an optimal temperature range of 8§ — 12 °C
(Christie & Regier 1988)), than the shallow barren ground lakes where their thermal
optimum could be exceeded. Cabot’s depth could therefore result in a greater lake trout
population size and increased predation of longnose suckers, reducing their life spans
(Hixon and Jones 2005). Alternatively, Esker and WP152, which have the longest-lived
fish, also have the largest combined area suggesting that there may be more habitat for
suckers in these lakes, reducing competition or predation (Hixon and Jones 2005). The
western extent of Esker is very shallow; potentially excluding the more heat-sensitive
lake trout but providing good habitat for longnose suckers (Robert Perry, personal

communication). The longer lifespans and Robson-Chapman survivorship estimates in
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Esker and WP152 have driven up generation time in these lakes to 24.2 and 15.6
respectively which is substantially greater than the generation times between 12 and 13.5
observed in all other lakes. This suggests that Esker and to a lesser extent WP152 are a
much more stable and higher quality habitat for longnose suckers than the other lakes

which is consistent with the downstream location of these lakes (Moore et al. 2015).

4.02 Genetic Structure of Longnose Suckers within the Kogaluk

Connectivity and genetic differentiation varied widely among lakes. Most lakes in
the system harboured genetically distinguishable populations with the exception of Esker
and WP152 which were genetically undifferentiated. Similar results were observed in
lake trout within the Kogaluk River (McCracken et al. 2013a) where all lakes except
Esker and WP152 were found to have formed distinct populations. The similar genetic
patterns in these two species suggest that the shallow streams connecting the lakes within
this watershed are a major barrier to gene flow. These streams are frozen from late
October through April and May (Wheeler 1935) and may also dry out in the summer after
the initial spring surge. The shallowness of these streams can also lead to higher
temperatures and reduced oxygenation (Matthews 1998, Griffiths 2010). The transient
and inhospitable nature of these streams has likely limited gene flow between lakes.

Despite the challenge to migration posed by these streams, movement throughout
the system does occur. Upstream migration from Esker into several headwater lakes is
consistent with the capacity for upstream migration exhibited by adult individuals of this
species during spawning (McPhail and Lindsey 1970, Ryan 1980, Scott and Crossman
1998). Downstream migration in this system is instead probably due to drawdown, which
particularly affects juvenile longnose suckers (Ryan 1980).

The genetic differentiation among lakes was clearly influenced by this migration.
Strange and Lake 1 were the most genetically distinct populations in the system as
visualized in the PCoA (Figure 3.03.1). The genetic distances associated with the stream
sections immediately downstream of Strange and Lake 1 were the highest in any
STREAMTREE model including those sections that contained waterfalls. In the Mantel

tests, Strange and Lake 1 were routinely identified as outlier lakes with higher than
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expected genetic distance from the other lakes. Potentially driving this differentiation is
the little to no migration experienced by Strange and Lake 1 as revealed by BAYESASS.
Strange’s reduced migration may be a function of its shallow outlet, which appeared to be
completely dry at some points in August 2014. Lake 1 is at a higher altitude and latitude
than the other lakes suggesting its connecting streams are the last in the system to thaw
and the first to freeze, contributing to a narrower window in which fish migration can
occur. These potential causes for reduced migration into and from Strange and Lake 1
have obvious consequences for gene flow and have likely resulted in the genetic isolation
of these lakes, increased genetic drift and genetic differentiation.

On the other hand, Esker and WP152 experienced very high migration and were
genetically indistinguishable. These two lakes had a pairwise Fsy that is an order of
magnitude lower than any other observed within the system. There was also a very small
genetic distance associated with the stream section(s) separating these lakes.
Compellingly, these lakes were not identified as genetically separate using STRUCTURE
(Figure 3.04.1) even with the use of location priors. The genetic similarity between Esker
and WP152 was also observed in lake trout in these same lakes (McCracken et al. 2013a)
and is likely due to the very high migration rate of 30% per generation between these
lakes. This approaches the upper limits of migration rates that can be accurately estimated
by BAYESASS and therefore actual migration between these lakes may be even higher
(Wilson and Rannala 2003, Kanno et al. 2011). Higher flow rates as are expected in the
downstream portions of a river system (Vannote 1980) potentially facilitates higher
migration between these lakes (Ward and Stanford 1995).

Contrary to what was observed in lake trout in the system (McCracken et al.
2013a), Cabot was also genetically similar to Esker and WP152. These three lakes were
not genetically distinguishable using STRUCTURE without location priors. The genetic
distances associated with the stream sections connecting Cabot and Esker and WP152
were all relatively low (ranging between 0.0202 and 0.0224). BAYESASS also revealed a
high amount (24% per generation) of migration from Esker to Cabot. This is surprising
given the great geographic distance (~ 90 km) and intervening waterfall separating Cabot
from Esker and WP152. However, the expected high flow rates between downstream

lakes (Vannote 1980) may sweep juvenile and small fish, downstream and into Cabot
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(Ryan 1980). Alternatively, the high genetic similarity between these lakes may be due to
the fewer genetic samples collected in Cabot than in Esker and WP152. The high N,
values observed in these lakes may mean that Cabot is isolated from Esker and WP152
but so genetically diverse that [ was unable to detect this distinction at the given level of
sampling. This is even more likely if colonization of Cabot was recent as is suggested by
the DIYABC analysis. Additionally, in contrast to the STRUCTURE results the PCoA
(Figure 3.03.1) indicates that Cabot is genetically intermediate to T-Bone, Esker and
WP152. This result is more similar to that observed in lake trout where Cabot and T-
Bone were initially grouped together and distinct from the northern six lakes in
STRUCTURE (McCracken et al. 2013a). This observed similarity between Cabot and T-
Bone in the PCoA suggests that Cabot may also be the recipient of migrants from T-Bone
as well as from Esker. BAYESASS analysis suggests that there is no migration between
T-Bone and Cabot and I observed that the stream section between Cabot and T-Bone was
dry in some places in August 2014. However, one of the migrants found in Cabot had a
putative origin of T-Bone suggesting a connection between these lakes which may have
been greater in the past and contributed to the genetic similarity of these lakes.
Additionally, the best DIYABC scenario supported the colonization of Cabot from an
admixture of migrants from Esker/WP152 and T-Bone. This supports the migration from

T-Bone into Cabot at least historically, if not recently.

4.03 Effects of Physical Features on Subpopulation Genetic Differentiation

The Mantel tests suggest that both waterway distance and the number of
waterfalls affect genetic distance between lakes. IBD was significant within the whole
watershed and among the northern six lakes but only when Lake 1 and Strange were
removed from the analysis. Although only waterway distance remained significantly
correlated with genetic distance after using partial Mantels, the effect of the number of
waterfalls was only marginally non-significant when distance was taken into account. I
therefore suspect that both factors are important in shaping the genetic structure of this
system. The influence of the number of waterfalls is clearly tempered by the observed

high migration rate between Esker and Cabot, suggesting that this particular waterfall is
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not a complete barrier, at least in the downstream direction. The lack of migration from
Cabot into Esker suggests that the waterfall between these two lakes is a complete barrier
to upstream migration. Similarly, the waterfall between T-Bone and Cabot appears to be a
complete barrier to migration in the upstream direction given the lack of observed recent
migration in and out of T-Bone as well as the relatively high pairwise Fsps associated
with T-Bone. However, there is some evidence of migration from T-Bone into Cabot (see
section 4.02). Although downstream migration into Cabot limits the influence of
waterfalls on the genetic structure of this metapopulation, waterfalls seem to pose a
significant barrier to gene flow between T-Bone and the northern six lakes. Therefore the
genetic divergence of these two groups of lakes should increase in future (albeit slowly
due to the large N, of T-Bone), resulting in a more apparent influence of waterfalls on
genetic structure in this metapopulation.

Neither elevation nor slope seemed to significantly affect gene flow in this
system. Elevation and slope did not differ greatly between the barren ground lakes (as is
expected of lakes in this area (Wheeler 1935)) despite significant genetic differentiation.
Given the known dispersal ability of longnose suckers (McPhail and Lindsey 1970, Ryan
1980, Scott and Crossman 1998) it is unlikely that the gradual slopes observed between
the northern six lakes would cause any difficulty for these fish. Elevation and slope were
also not found to hinder lake trout within the Kogaluk River (McCracken et al. 2013a)
and slope did not substantially obstruct brook trout within a Connecticut river system

(Kanno et al. 2011).

4.04 Effects of Drift on Subpopulation Genetic Differentiation

The significant negative correlations between mean pairwise allelic richness and
pairwise Fgrs and residual pairwise Fgrs after Fsps were correlated with pairwise
geographic distance suggest the importance of genetic drift in this metapopulation
(Raeymaekers et al. 2008). These correlations are driven by Lake 1 and Strange which
are, on average, more genetically distinct than expected given geographic distance (see
Figure 3.06.1b and Appendix K, Figure K2b). These two lakes experience little migration

and are highly isolated in the system likely causing increased drift which has resulted in a
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loss of allelic richness (Table 2.01.1) and a high degree of genetic differentiation (see
Figure 3.03.1). This is confirmed by the fact that removal of these two lakes results in an
insignificant correlation between mean pairwise allelic richness and Fg; residuals (see
Appendix O). Although there is still a significant correlation between Fgr and mean
pairwise allelic richness with the exclusion of Lake 1 and Strange, this is due to a single
outlier point for Esker and WP152. These two lakes have very high allelic richness and
are very genetically similar. I suspect that this is due to the high flow rates expected in
these downstream lakes (Vannote 1980), which contributes to high migration (Ward and
Stanford 1995). Though removal of this point makes the relationship between mean
pairwise allelic richness and Fgy insignificant, there remains an observable negative
relationship which may be explained by the fact that the largest distances within a
dendritic system should be between headwaters or between headwaters and confluences.
This geographic isolation of headwaters contributes to their increased experience of drift,
resulting in lower allelic richness. Therefore, once distance is taken into account the
negative correlation between allelic richness and Fg; becomes insignificant. Headwaters
are clearly subject to some genetic drift in this system, but not nearly to the extent of
Lake 1 and Strange.

The correlation between lake area and N, (calculated with migrants) when T-
Bone is excluded suggests that genetic diversity within lakes is a product of available
habitat. This would suggest that there is little migration between lakes and that genetic
differentiation is primarily a function of drift. However, this correlation is driven
predominately by the large N, and lake area associated with Esker/WP152 and removing
this point makes the correlation insignificant (R* = 0.590, P > 0.129, see Appendix R,
Figure R2c). The correlation between N, and lake area is therefore tenuous in this system
which is likely due to the fact that the relative importance of drift and migration differs

between lakes.

4.05 Migration-Drift Equilibrium

A metapopulation that has achieved migration-drift equilibrium is expected to

develop a pattern an IBD pattern when there is at least some migration (Slatkin 1993) but
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such a pattern was not initially observed in the Kogaluk. When all lakes are considered,
the lack of correlation between pairwise Fsps and geographic distance is typical of case
IIT described by Hutchison and Templeton (1999). Such a pattern is expected to arise in
highly-divided metapopulations where drift is the main contributor to genetic
differentiation (Hutchison and Templeton 1999). However, with the removal of Lake 1
and Strange, both identified as subject to a high degree of drift, the resulting relationship
between pairwise Fgrs and geographic distance is better typified by Hutchison and
Templeton’s (1999) case I, or IBD. Clearly migration is of greater importance in some
lakes (e.g. Esker and WP152) and drift is more important in other lakes (e.g. Strange and
Lake 1) suggesting that this system is not in migration-drift equilibrium.

There are several potential reasons longnose suckers in the Kogaluk have not
reached migration-drift equilibrium. Slatkin’s (1993) one-dimensional “radiation model”
suggests observations of IBD should increase from a small to a large scale as a function
of V2Nmt, where N is subpopulation size, m is the fraction of migrants for each
generation, and 7 is the time since divergence between populations. Because the
Laurentide Ice Sheet retreated from the Kogaluk ~ 9 000 years ago (Bryson et al. 1969,
Short and Nichols 1977), longnose suckers must have colonized this watershed only
recently. This suggests that this metapopulation has a small T and has not yet attained
migration-drift equilibrium (Slatkin 1993). Alternatively, the relatively low migration
rates observed between some lakes in the Kogaluk may have prevented an IBD pattern
(Castric and Bernatchez 2003). High subpopulation N, may also stall achievement of
migration-drift equilibrium as was the case for lake cisco populations (Coregonus artedi)
across Canada which demonstrated a clinal variation in microsatellite allele frequencies
due to the historic secondary contact of descendants from two glacial refugia (Turgeon
and Bernatchez 2001). This clinal pattern was maintained due to high lake N, and low
modern migration (Turgeon and Bernatchez 2001). Some lakes in this system
demonstrated N, values equal or above the average lake N, (2 753) observed in these
cisco subpopulations (Turgeon and Bernatchez 2001) suggesting large N, values could
similarly be preventing achievement of migration-drift equilibrium in the Kogaluk.
Barriers to gene flow can also disrupt an IBD pattern (Crispo and Hendry 2005) and

within the northern six lakes there are clearly some stream sections that are more easily
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traversed than others, potentially due to degree of water flow, (Ward and Stanford 1995)
regardless of distance between lakes. These reasons are not necessarily mutually
exclusive, for example, the variable gene flow rates between lakes may have slowed the
already delayed achievement of migration-drift equilibrium due to the combination of the
relatively recent colonization of the Kogaluk and the long generation time exhibited by
longnose suckers in this system.

Most studies seeking to identify the presence of migration-drift equilibrium
consider only the overall trend presented in the scatterplot of pairwise Fgrs versus
geographic distances (as suggested by Hutchison and Templeton 1999; e.g. Costello et al.
2003, Hénfling and Weetman 2006, Raeymaekers et al. 2008) and do not consider the
potential for variation in the importance of drift and migration among lakes within
watersheds. However, not excluding Strange and Lake 1 as outliers would have resulted
in the erroneous conclusion that this metapopulation is highly fragmented and genetic
differentiation is mainly driven by drift. My results demonstrate that it is imperative to
consider the relative importance of drift and migration for individual subpopulations

within a metapopulation when assessing migration-drift equilibrium.

4.06 Effects of Migrants on N,

N, values for the most part did not change dramatically with the removal of
putative migrants identified in GENECLASS?2 with the exceptions of Strange, Lake 1 and
Cabot, where N, values increased substantially. It is possible that the N, values of these
lakes were depressed due to the mixture linkage disequilibrium created from the
introduction of highly divergent migrants (Waples and England 2011). A large pulse of
non-equilibrium migration (as might explain the large migration from Esker into Cabot)
could cause such mixture linkage disequilibrium (Waples and England 2011). In the case
of Lake 1 and Strange, migration rates calculated using BAYESASS were low into
Strange and non-existent into Lake 1, however, 4 putative migrants in Lake 1 were
identified using GENECLASS?2 suggesting some gene flow. The low migration rates into
these two lakes may still cause mixture linkage disequilibrium despite the high N, values

associated with these lakes because these two lakes are so highly genetically divergent
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from the other lakes that any migrants will be genetically different from those
subpopulations. T-Bone’s N, also changes from a large negative value to a large positive
value with the exclusion of its one migrant. Given that the positive N, attributed to T-
Bone is at the limit of values accurately calculated by LDNe (>10 000, Macbeth et al.
2013), the effect of the removal of this putative migrant only confirms that T-Bone has a

very large N.
4.07 Adjustment of N, using N,

For those lakes where N}, could be estimated (Genetics H, Slushy, Strange),
Ne(adj 2) were all greater than their Ne(LDNE). Ne(adj 2) were inflated over Ne(LDNE) by as
much as 481% in the case of Slushy (when migrants were not included in the estimation
of Ne(LDNe)) and by as little as 160% in the case of Genetics H (regardless of whether
migrants were or were not included in the estimation of IVe(LDNe)). This is consistent with
the results of Waples et al. (2014) who found that in N, values based on individuals over
all sampled age classes were less than the true N, in 19 species with varying life histories.
Estimates of N, using LDNe are the effective size of the parents of the sampled
generation (Waples 2006). This should be a function of the harmonic mean of Ny, and N,,
but is biased downward due to a Wahlund effect caused by the parents of a particular
population having different allele frequencies from being in different cohorts (Waples et
al. 2014). Waples et al. (2014) argue that Ne(adjz) calculated using a single cohort (and
less optimally two to three cohorts) provided the most accurate estimate of N, using the
linkage disequilibrium method. This suggests that N, values calculated using LDNe with
the use of all sampled individuals are conservative estimates of the actual N, in each of

these lakes.
4.08 Effects of Lake Hierarchy on N,

In general, the more downstream lakes seem to have higher N, values than

headwater lakes with a few notable exceptions. Cabot and the combined Esker and
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WP152 have two of the highest N, values in the system which is consistent with their
position as confluences within the system. Cabot’s large N, is due to the pooling of
genetic diversity from upstream lakes, most importantly Esker, but also potentially from
T-Bone and several upstream lakes from the southern part of the system where not
enough samples were collected for a genetic study (e.g. Mistastin and Genetics B). Cabot
is also one of the larger lakes in the system and despite its intermediate area is the deepest
lake in the system, likely providing more habitat for these longnose suckers allowing for
large population sizes to maintain genetic diversity (Frankham 1996). Esker/WP152,
despite having more contemporary emigration than immigration, also has a large N,
potentially due to historical downstream gene flow and the large habitat size associated
with this lake. The stability associated with downstream river habitats (Moore et al. 2015)
likely also contributes to the higher N, values observed in Cabot and Esker/WP152.

In contrast, as expected from the isolation associated with headwaters (Morrissey
and de Kerckhove 2009), Slushy and Genetics H both had the lowest N, values in the
system despite relatively high migration from Esker. However, T-Bone and Strange, both
headwaters, have some of the highest N, values observed in the system. T-Bone had the
highest observed N, in the system when migrants were not included and a negative N,
when migrants were included suggesting a “very large” effective size (Waples and Do
2010). T-Bone experiences no migration and is isolated from all other lakes by a
waterfall. However, T-Bone does have a relatively large habitat area which may
contribute to its large N, (Frankham 1996). A similar observation was made in bull trout
(Salvelinus confluentus) populations in British Columbia, where two large lakes did not
demonstrate a reduction in genetic diversity despite being situated upstream of a waterfall
(Costello et al. 2003). However, other lakes in the Kogaluk with larger areas have smaller
N, values (i.e. Esker/WP152 and Cabot). Strange has the smallest area but a large N,
suggesting that it may have high quality habitat despite its small size, leading to increased
carrying capacity and genetic diversity. Alternatively, T-Bone and Strange may be the
lakes first colonized in the system as is supported by the DIYABC analysis (see section
4.11) and therefore have greater genetic diversity than those lakes that were subsequently
colonized by less genetically diverse founder populations (Austerlitz et al. 1997, Le Corre

and Kremer 1998).
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4.09 Effects of Dendritic Structure on Metapopulation Genetic Structure

Evidence of dendricity shaping genetic structure of longnose suckers within the
Kogaluk was mixed. The significant negative correlation with allelic richness and
distance to Cabot within the northern six lakes is consistent with similar observations in:
a waterway-restricted amphipod Gammarus fossarum (Alp et al. 2012), Trinidadian
guppies (Poecilia reticulata) (Crispo et al. 2006, Barson et al. 2009), Brook trout
(Salvelinus fontinalis) (Torterotot et al. 2014), stickleback (Gasterosteus aculeatus L.)
(Raeymackers et al. 2008), and Cottus gobio (Hanfling and Weetman 2006). It is often
difficult to determine the factor causing a decrease in genetic diversity with distance from
the outlet of a watershed since this can be caused not only by dendritic structure
(Morrissey and de Kerckhove 2009, Paz-Vinas and Blanchet 2015), but also the loss of
genetic diversity due to the founder effects of sequential upstream colonization (Crispo et
al. 2006, Caldera and Bolnick 2008). However, in this system there is no ambiguity
because colonization likely occurred first in the headwaters meaning that the observed
decrease in allelic diversity in headwaters is most likely due to the dendritic structure of
this system.

The lack of a significant correlation between allelic richness and upstream
distance within the whole system is due to Cabot having a much lower allelic richness
than expected given its downstream position. Perhaps this is due to Cabot being recently
colonized as newly colonized populations often demonstrate a lowered allelic richness
(Nei et al. 1975) due to founder effect (Dlugosch and Parker 2008). Additional support
for the influence of dendricity on the metapopulation comes from the finding that the
most genetically distinct lakes as revealed in the PCoA (Strange, Lake 1, T-Bone, see
Figure 3.03.1) are all headwaters whereas both confluences (Esker and Cabot) are
genetically intermediate to all lakes.

There was also evidence that dendricity was not the most important factor driving
genetic structure of this system. There was no correlation in observed or expected
heterozygosity with upstream distance. This was consistent with a lack of difference in
observed and expected heterozygosity between genetic clusters of Brook trout occupying

varying positions along a watershed in Connecticut, USA (Kanno et al. 2011).
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Additionally, a decrease in total number of alleles but not heterozygosity with distance
from the watershed outlet was observed in Trinidadian guppies (Crispo et al. 2006).
However these results were inconsistent with a strong negative correlation in
heterozygosity and distance from outlet found in mottled sculpin (Cottus bairdi)
(Lamphere and Blum 2012) and brook trout (Torterotot et al. 2014) that inhabited
dendritic river systems. In addition, there was no correlation between elevation and N,
which would indicate a downward flow of genetic diversity (McCracken et al. 2013a).
However, this observation may be an indication of the lack of elevation differences in this
system rather than a lack of support for downstream flow of genetic diversity in dendritic
systems.

Although a strong pattern of IBD is predicted to arise as a result of a dendritic
metapopulation structure (Paz-Vinas and Blanchet 2015), a pattern of IBD was only
found in the Kogaluk with the exclusion of Strange and Lake 1. This is in contrast to the
strong pattern of IBD observed in other species inhabiting dendritic systems including:
brook trout (Kanno et al. 2011), Cottus gobio (Hénfling and Weetman 2006), Gammarus
fossarum (Alp et al. 2012), sculpin (Lamphere and Blum 2012), and Quebec brook trout
(Torterotot et al. 2014). The observed lack of a consistent IBD pattern in longnose
suckers may be due to the absence of migration-drift equilibrium in this metapopulation
due to the recent colonization of the Kogaluk. This was the conclusion for a
metapopulation of bull trout in Pine River British Columbia which demonstrated little
correlation between pairwise Fgrs and geographic distance but a greater variance in Fgps
than a more southernly metapopulation that was colonized more distantly in the past
(Costello et al. 2003). Alternatively, an IBD pattern has been simulated to arise in
dendritic systems when migration rates are symmetric and constant within the system and
subpopulation sizes are identical (Paz-Vinas and Blanchet 2015). My longnose sucker
metapopulation does not meet either criterion.

Additionally, neither the meta-Ne ) of the northern six lakes nor that of the
entire system exceeded the sum of the individual lake’s N, values suggesting that genetic
diversity is not elevated in this dendritic system. This could be due to the fact that the
Kogaluk is not a very complex dendritic system; lakes are not separated by more than two

other lakes. Increased dendritic complexity and branching is expected to maximize
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genetic differences between headwaters and confluences and increase metapopulation
persistence (Mari et al. 2014, Yeakel et al. 2014). An alternative reason is the upstream
dispersal from Esker into the headwater lakes which could ameliorate genetic differences
accumulated in the headwaters due to genetic drift (Mills and Allendorf 1996). There was
evidence for this in Slushy and Genetics H each of which had lower pairwise Fgrs with
Esker and WP152 and had higher allelic richness than Strange and Lake 1 which
experienced little to no migration with Esker. This is consistent with previous work
which has shown that population fragmentation, asymmetric gene flow and differing N,
values among subpopulations will depress a metapopulation’s N, (Whitlock and Barton

1997, Palstra and Ruzzante 2011).

4.10 Source/Sink Paradigm

River confluences in the dendritic paradigm are thought to be sinks, receiving
genetic diversity from the more isolated headwater populations which are expected to be
highly genetically distinguishable due to genetic drift (Morrissey and de Kerckhove 2009,
Baguette et al. 2013). This is true in the case of Cabot as it has clearly received a boost in
genetic diversity from upstream Esker. This was similar to the most downstream
subpopulation of Brook Trout in a river system in Connecticut USA (Kanno et al. 2011)
which received an immigration rate of ~ 30% per generation, similar to the migration rate
into Cabot from Esker. High admixture and historically high immigration rates were
found in Trinidadian guppy populations located in the most downstream locations of the
Caroni drainage likely caused by the rapid flow of water in the lower part of the drainage
(Barson et al. 2009). However, Esker, which is the main confluence of the northern six
lakes, does not follow this paradigm and instead appears to act as a source of immigrants
to most of the lakes within the northern arm of the Kogaluk. This is in accordance with
what is expected of sink/source dynamics where large populations in rich habitats are
sources for habitat-poor areas (Dias 1996) since it is known that downstream habitats are
more environmentally stable than their headwater counterparts (Moore et al. 2015). Esker
does however show evidence of being a confluence due to the significant correlation of

upstream distance and allelic richness within the northern six lakes. Therefore Esker
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appears to act as a reservoir of genetic diversity which sometimes reseeds isolated
headwater populations with genetic diversity through the upstream migration of the
longnose suckers for spawning. This upstream migration likely limits metapopulation N,
by increasing similarity between Esker and the headwater populations but may also
contribute to the stability of the system by preventing headwaters from becoming so
isolated as to go extinct (Ewers and Didham 2006). This upstream bias in migration is
also predicted to increase the time to extinction in dendritic systems (Campbell Grant
2011) and has likely evolved in longnose suckers among other species to compensate for
the downstream flow in river systems which would eventually result in extinction if all

migration was passive (Barson et al. 2009).
4.11 Historical Colonization Implications

The DIYABC analysis results showed several deviations from the results obtained

from LDNe. IVe(DIYABC) values were typically an order of magnitude or more larger than

P

NeLpne) Values. This is not entirely implausible given that the 95% confidence intervals

estimated for most IVe(LDNE) values had an upper limit of infinity. However the high

—~

N¢LpnE) estimated for both Slushy and Genetics H, which each had an upper 95%
confidence interval limit in the order of 10%, contrasts significantly with the Ne(DIYABC)
values for both of these lakes which was in the order of 10*. Such deviations may be due
to the fact that DIY ABC analysis assumes that no migration occurs between populations
once diverged (Cornuet et al. 2008), whereas there is clear evidence of modern migration
between lakes in violation of this assumption. Similarly, the type I error of 0.168
associated with the best scenario is somewhat concerning as is the model checking
analysis which showed about a quarter of summary statistics to only weakly match those
for the original data set.

Despite these potential issues with the analysis, the identified best scenario 3,
which describes colonization from the west, is supported by previous predictions that
longnose suckers invaded northern Labrador by migrating overland, north and east from

the Churchill River (Black et al. 1986). The fact that some of this system’s headwaters
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were the first lakes to be colonized has important consequences for the genetic structure
of this system. The populations that are first colonized in a stepping stone model should
have the highest genetic diversity due to experiencing fewer founder effects than
subsequently colonized lakes (Austerlitz et al. 1997, Le Corre and Kremer 1998).
Therefore the elevated N, values observed in Strange and T-Bone in both the DIYABC
and LDNe analyses may be a result of their early colonization. The particularly large

P

N¢(Lpne) for T-Bone may have been due to its prolonged direct connection to lake

Naskaupi from 8 400 to 7 000 years BP (Jansson and Kleman 2004) which may have
allowed for multiple introductions, increasing genetic diversity in this lake (Dlugosch and
Parker 2008). However, Slushy was also one of the first lakes colonized according to the

best scenario yet it had a relatively low Ne(LDNe) in contrast with a relatively high

—~

Ne(pryasc)- The reason for this discrepancy is not immediately apparent though likely has
to do with migration patterns that occurred between colonization and the present which
are not taken into account by DIYABC. This is supported by the higher contemporary
gene flow observed in Slushy than in T-Bone and Strange.

The concentration of genetic diversity in the headwaters due to their initial
colonization counters the expected genetic structure of dendritic systems where genetic
diversity is predicted to congregate in the confluences (Morrissey and de Kerckhove
2009).There is evidence of both effects in this system. The effects of dendricity are
demonstrated by the high N, of Esker/WP152 and Cabot and the significant negative
correlation between allelic richness and distance to the most downstream lake (Cabot).
Evidence of the effects of colonization of the headwaters comes from the observed
elevated N, values of Strange and T-Bone. The recent colonization of the Kogaluk has
likely resulted in this metapopulation being in a state of transition from one where genetic
diversity is concentrated in the headwaters due to colonization patterns to one where
genetic diversity is concentrated in the confluence as is typical of a dendritic
metapopulation. However, a reduced genetic diversity in T-Bone may not occur for a
very long time due to its lack of connectivity with the rest of the system and currently
high N,. Strange, however, which demonstrates modern migration with Esker, may
eventually lose its high N, if it begins to lose migrants downstream which would further

increase its already high levels of drift.
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CHAPTER 5: CONCLUSION

Despite the fact that this metapopulation is relatively small, consisting of only
eight lakes, and largely unaffected by anthropogenic influences, multiple factors are
clearly at play in shaping its genetic structure. Each lake appears to be subject to a unique
combination of factors that dictate its genetic diversity and distinctiveness. Both
migration and drift play a part in shaping the genetic structure of this metapopulation
though the relative importance of each differs between lakes. Migration generally
homogenizes populations and is sometimes high enough to prevent subpopulation
divergence by drift (e.g. Esker, WP152, Cabot). In more isolated lakes (e.g. Strange,
Lake 1) drift has led to the genetic differentiation of these lakes, though this effect has
been tempered in T-Bone likely due to its large N,. The connectivity of the system has
been shaped by contemporary environmental barriers such as distance and waterfalls.
However, a lack of migration-drift equilibrium indicates that historical processes have
also left their mark on metapopulation structure. The likely historical colonization of the
headwaters of this system has resulted in some headwaters (e.g. T-Bone and Strange)
with increased genetic diversity than that expected given the isolation associated with
headwaters. Yet there is evidence that the dendritic nature of the system is asserting itself,
leaching genetic diversity from the headwaters to the confluences. The recent
colonization of the Kogaluk means that the metapopulation has not had time to transition
to a more typical dendritic system and this transition has been tempered by the long
generation time and upstream migration of this species.

These traits make the longnose suckers vulnerable to extinction in this system. A
long generation time means it will be difficult for this species to recover from any
reduction in genetic diversity (Lippe et al. 2006). Upstream migration prevents genetic
divergence between lakes (Kanno et al. 2011), reducing the metapopulation’s overall
genetic diversity, and ability to respond to a disturbance (Morrissey and de Kerckhove
2009). Alternatively, the long generation time means populations will lose genetic
diversity from drift very slowly (Lippe et al. 2006). Upstream migration could rescue
headwater populations, which are more prone to extinction due to their isolation

(Baguette et al. 2013). Upstream migration was also found to increase time to extinction
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for the entire metapopulation in comparison to systems where migration was
downstream-biased (Campbell Grant 2011). However, any extrinsic loss of genetic
diversity would be difficult for this metapopulation to recover from and because a
disproportionate amount of genetic diversity is still locked up in the headwaters,
particularly in Strange and T-Bone, reductions in these lakes could greatly reduce
metapopulation N,. Additionally, given that this metapopulation is in a state of transition
from a neutral structure dictated by historical processes to one dictated by contemporary
processes it may be more vulnerable than its neutral genetic structure suggests if modern
isolation in the form of waterfalls or reduced water flow rate has not yet been reflected in
its observed neutral structure (Lippe et al. 2006). This potential vulnerability and the fact
that Arctic ecosystems are thought to be particularly susceptible to disturbances caused
by climate change (Reist et al. 2006, Harris et al. 2012) mean that longnose suckers in
this system may be at increased risk of extinction.

From a broader management perspective, this study demonstrates the need to
consider not only the physical barriers but also historical colonization of the system and
the biology of the species when making management decisions about dendritic riverine
systems (Vera-Escalona et al 2015). It is therefore important to consider that multiple
factors may be influencing gene flow within a system and the effects of these factors may
not be consistent between lakes. As a consequence, not all headwaters are equal bastions
of genetic material and should be prioritized accordingly. Similarly some confluences can
be sinks, while others are sources, and identifying which is which will be essential given
the importance of sources in maintaining genetic diversity in a metapopulation (Dias
1996).

Despite the spatial simplicity of dendritic river systems (Fullerton et al. 2010,
Baguette et al. 2013), the results of my study reveal that dendritic metapopulations are
clearly subject to a complex interaction of a number of factors in nature, particularly
when migration-drift equilibrium has not been achieved. Dendritic systems are being
increasingly recognized as an important and distinct metapopulation that requires a
unique theoretical framework within the field of landscape genetics (Campbell Grant et
al. 2007, Labonne et al. 2008, Campbell Grant 2011, Baguette et al. 2013). However, my

results suggest that theoretical models of dendritic metapopulations, which often make
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oversimplifying assumptions (Perkin and Gido 2012), do not necessarily materialize in
nature. There is a need for more study of this metapopulation type in nature to test the
predictions of these models, particularly over a wider range of species and dendritic

spatial arrangements.
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APPENDIX A: LIFE HISTORY ANALYSES USING CORRECTED AGES
Life history traits and N}, values were estimated using operculum ages corrected
according to Perry and Casselman (2012) where the age for those individuals with 10 or
more annuli was adjusted to account for annuli hidden under the dense bone region using
the formula: Yection = 2.69+0.971 X whole, Where Ysection represents the age corrected for
annuli hidden under the dense bone region and Xypole represents the number of visible
annuli (Perry and Casselman 2012). Adjusted ages were rounded down to the nearest

year.
i) Life History Analysis

Ages ranged from young of the year (0) to 52 years old over all aged individuals (n
=1 353). Age at 50% maturity (a) was 12.1 (Figure A1). Adult lifespan (AL) ranged
from 6.9 in T-Bone to 40.9 in Esker (Table Al).
ii) Generation Time

The natural logarithm transformation of the ages of mature, females was
significantly correlated with fork length (P < 0.001, adjusted R* value of 0.58, Figure A2)
as follows:

FL =13.72 x loge(Age) + 0.14)[5]

Where FL is the fork length in cm.

FL in equation [5] was equivocated with total length (TL) in equation [1]:

f=0.016 x [13.72 x (loge(Age) + 0.14)3.799] (6]

Where f'is the number of eggs produced. Equation [6] was used to generate f for

each age class.
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There was no significant difference in age distribution within lakes between
collection years based on Kolmogorov-Smirnov tests (all P> 0.05, Table A2). Annual
samples within lakes were thus pooled. Robson-Chapman estimates of annual survival

varied from 0.62 in Cabot to 0.91 in Esker (Table A3).

Generation time varied from 13.9 in Slushy and T-Bone to 25.3 in Esker (Table
A4).

iii) Effective Size

Positive N}, were estimated for Genetics H, Slushy and Strange (Table A5). For all
three lakes the fewest number of cohorts (between one and three) that resulted in a
positive N}, were used. The cohorts used to determine Ny, for Genetics H did not contain
any putative migrants and a positive value of Ny, for Strange only occurred with the
inclusion of migrants. A positive Ny, was calculated for Slushy both with and without

migrants, however, these values were not significantly different. Ne(adjz) derived from

these N}, were equal or greater to each lake’s Ne(LDNe).
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Figure A1 Age at 50% maturity (a) for longnose suckers (Catostomus catostomus)
estimated using » = 1072 samples from the Kogaluk using a binomial logistic regression.
Calculations were done using ages corrected according to Perry and Casselman (2012).
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Table A1 Maximum age (w) and adult life span (AL) of longnose suckers (Catostomus
catostomus) in eight lakes within the Kogaluk River. Calculations were done using ages
corrected according to Perry and Casselman (2012).

Lake w AL
Lake 1 33 21.9
Genetics H 26 14.9
Slushy 27 15.9
Strange 24 12.9
Esker 52 40.9
WP152 37 259
T-Bone 18 6.9
Cabot 23 11.9
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Figure A2 correlation between fork length in cm (FL) with the natural logarithm
transformation at age of mature, female longnose suckers caught in the Kogaluk River.
Calculations were done using ages corrected according to Perry and Casselman (2012).

84



Table A2 Kolmogorov-Smirnov test results comparing corrected age class distributions
between years in each lake. Calculations were done using ages corrected according to
Perry and Casselman (2012).

Comparison P
WP152 2009 vs. WP152 2010 0.82
WP152 2009 vs. WP152 2011 0.67
WP152 2009 vs. WP152 2013 >0.99
WP152 2010 vs. WP152 2011 >0.99
WP152 2010 vs. WP152 2013 0.67
WP152 2011 vs. WP152 2013 0.52
Slushy 2010 vs. Slushy 2011 0.82
Slushy 2010 vs. Slushy 2012 0.99
Slushy 2011 vs. Slushy 2012 0.27
Genetics H 2009 vs. Genetics H 2011 0.82
Genetics H 2009 vs. Genetics H 2013 0.99
Genetics H 2011 vs. Genetics H 2013 0.52
Lake 1 2010 vs. Lake 1 2011 >(.99
Lake 1 2010 vs. Lake 12014 0.82
Lake 1 2011 vs. Lake 1 2014 0.52
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Table A3 Robson-Chapman annual survival rate (§) for eight lakes within the Kogaluk.
Calculations were done using ages corrected according to Perry and Casselman (2012).

Lake Robson-Chapman § 95% CI

Lake 1 0.704 0.613 -0.795
Genetics H 0.706 0.654 - 0.759
Slushy 0.602 0.518 - 0.685
Strange 0.716 0.666 - 0.765
Esker 0.908 0.891 - 0.925
WP152 0.795 0.741 - 0.850
T-Bone 0.692 0.609 - 0.775
Cabot 0.623 0.553-0.693
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Table A4 Generation time calculated for eight lakes within the Kogaluk assuming age at
50% maturity (o) is 12 and maximum age (AL) is equal to the oldest fish observed in
each particular lake. Calculations were done using ages corrected according to Perry and
Casselman (2012).

Lake Gene:ration
Time
Lake 1 15.1
Genetics H 15.0
Slushy 13.9
Strange 15.0
Esker 25.3
WP152 17.3
T-Bone 14.0
Cabot 14.0
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Table AS The adjusted effective number of breeders Nb(adjz) and adjusted effective
population size Ne(ade) of three lakes with positive effective number of breeders (Nj,)
calculated according to Waples et al. (2014). Values were calculated assuming the age at
50% maturity (o) was 12 and AL was equal to the maximum age of each particular lake
minus 12 (a). Calculations were done using ages corrected according to Perry and
Casselman (2012).

Cohort(s Sample = 2 N,

Lake (by year of(bzrth) sizIe) Ny 95% CI Nyadjzy Neadj2)
Genetics H 2013 78 173.1 113.3-3343 160.2 289.1
Slushy 2003, 2004 27 232.6 105.0 - o0 216.6 376.5

(with migrants)
Slushy 2003, 2004 24 218.5 88.1-o0 203.5 353.7
(without migrants)

Strange 2003, 2004, 2005 37 1737.0  184.1 -0 1584.8 3128.6

(with migrants)
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APPENDIX B: PRIMERS USED

Table B1 Primers used to genotype longnose sucker samples from the Kogaluk River in

Labrador, Canada.

Locus Repeat Motif Sequence Source

CCAT7 (GTTT), F:CTCCGGTGCAGTTTCTTCC McCracken et al. 2013b
R:ACTCTGATACATACTCTGCAAGC

CCATI16 (AAAG), F:.TACCTGGGTTGGTTGCAGG McCracken et al. 2013b
R:GTGACGGGAGGCTGGTAG

CCAT20  (ACTC)s F:CTTCTCTGTGCTGCCCAAC McCracken et al. 2013b
R:GGGCTTGACAGACTTGTGG

CCAT32 (CT)io F:TCCTTACGTGTGATTATTCTGGC McCracken et al. 2013b
R:AGCGTAAGTCTGATAGGTGTC

CCAT35 (CD)14 F:AGGCATCAAATCCTTGGCAG McCracken et al. 2013b
R:CCTGTGAGACTGTGTGAAACC

CCAT43 (ATC), F:CGTGCTCTGCTTACATTACCAC McCracken et al. 2013b
R:GATGGAAAGGCACCCGTAG

CCAT44  (AG);s F:CATCGGAATGGCTTCATGGG McCracken et al. 2013b
R:AAATTAAATGAGCCTGAGGTGG

CCATS51 (AG)12 F:ATGATGCAGGGCAAACAGC McCracken et al. 2013b
R:CTGTTAAAGTTCCTCTCTACAGC

US3 (TTAG)1, F:CCCTGGGAGCATCAGTTAGA Cardall et al. 2007,
R:AAAAGGTTGTGACCCACTGC McCracken et al. 2013b

Us6 (TCTA)5 F:AAGTGTGTGCCAAAGCATCA Cardall et al. 2007,
R:GCCTTGTTAAGGGCATATGAA McCracken et al. 2013b

DLU409 (GATA) F:TGCGATCCTAGAAGGAGTAAAACA Tranah et al. 2001,
R:ATTCCATTTGCTGTCAACTTCAAA McCracken et al. 2013b

DLU439 (ACAG)7(GATA)s F:GAGACAGTCCACACTTCACATTGT Tranah et al. 2001,
R:TTCCATAATACACTCTTGGCATAG McCracken et al. 2013b

DLU4183 (GATA)y, F:CTGAAAGCACCTCCTCCATTAG Tranah et al. 2001,
R:GTTCTCTTCTCCTGTTTCGCTTAT McCracken et al. 2013b

DLU4201 (GATA)y F:CCAACCTTCTGAACAACTGTAAAT Tranah et al. 2001,
R:GTGGTAAAGAGGTCTGCCTGTAT McCracken et al. 2013b

DLU4235 (GATA);» F:TGGTATTAACCGTTTACTTCCACA Tranah et al. 2001,
R:.TAAACTCCGCTTTTGTTATCAGC McCracken et al. 2013b

DLU4243  (GATA)y F-TGGTTGGATGCTGAAATAAAGTAA Tranah et al. 2001,
R:TGAGCCTCATCATAGATGGATAGA McCracken et al. 2013b

DLU4259 (GATA)x F:GGGTGCAGAAACGTATCCAAAAAC Tranah et al. 2001,
R:AAGCATCATTCAACACCACATTCA McCracken et al. 2013b

DLU4314  (GATA)ys F:GAGGGTCTGTGGAGAACA Tranah et al. 2001,
R:TTTCACTTCAATGACAAAAATA McCracken et al. 2013b

DLU4339 (GATA);s F:TGTTCCTCGGTCAGCTCTTCATCA Tranah et al. 2001,
R:GGCCAAAGGGGCAGCACATAC McCracken et al. 2013b

Mohu- (GACA)5s(GGCA),GGTATA(TAGA),; F: CACAACAGCAGAATTAAGACAGG Lippe et al. 2004

Lav268

R: TCACCTTCAATCCATCATCAA
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APPENDIX C: PCR REACTION REAGENTS

Table C1 PCR reaction reagents for amplification of longnose sucker genetic samples.

PCR reaction

2.3uL RNAse free water

0.5 uL 10X reaction buffer (Bio Basi Inc., Markham, Ontario)
0.5 uL MgSO4 (20mM)

0.5 uL dANTPs (Bio Basi Inc., Markham, Ontario)

0.05 pL forward primer

0.05 pL reverse primer

0.05 pL m13 fluorescent tag (700 nm or 800 nm fluorescence)
0.05 uL TSG Polymerase (Qiagen Inc., United States)

1.0 uL of DNA

S pL Total Volume
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APPENDIX D: THERMOCYCLER PROGRAMS

Table D1 Thermocycler programs for amplification of longnose sucker genetic samples.
Markers DLU4235 and DLU4314 were amplified using the 55°C annealing program. The
MOHU268 marker was amplified using 59°C annealing program. The DLU4339 marker
was amplified using the 60°C annealing program. The DLU439 marker was amplified
using either the touchdown program or 55°C annealing program depending on extracted
DNA quality. All other markers were amplified using the touchdown program.

55°C 59°C 60°C
. . . Touchdown
Annealing Annealing Annealing Thermocvele
Thermocycle Thermocycle Thermocycle y
95°C - 5 min 95°C - 5 min 95°C - 5 min 95°C - 15 min
- 5 95°C-45s 94°C-45s 94°C -45s - 5 95°C-45s
; E 55°C-45s 59°C -45s 60°C -45s ; E 65°C -45s
O 72°C-45s 72°C-45s 72°C-45s O 72°C-45s
72°C - 5 min 72°C -5 min 72°C - 5 min w & 95°C-45s
; E 55°C-45s
O 72°C-45s
72°C - 5 min
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APPENDIX E: KOLMOGOROV-SMIRNOV TESTS

Table E1 Kolmogorov-Smirnov test results comparing age class distributions between
years in each lake.

Comparison P
WP152 2009 vs. WP152 2010 0.82
WP152 2009 vs. WP152 2011 0.67
WP152 2009 vs. WP152 2013 >0.99
WP152 2010 vs. WP152 2011 >(0.99
WP152 2010 vs. WP152 2013 0.67
WP152 2011 vs. WP152 2013 0.52
Slushy 2010 vs. Slushy 2011 0.82
Slushy 2010 vs. Slushy 2012 0.99
Slushy 2011 vs. Slushy 2012 0.27
Genetics H 2009 vs. Genetics H 2011 0.82
Genetics H 2009 vs. Genetics H 2013 0.99
Genetics H 2011 vs. Genetics H 2013 0.52
Lake 1 2010 vs. Lake 1 2011 >0.99
Lake 1 2010 vs. Lake 1 2014 0.82
Lake 1 2011 vs. Lake 1 2014 0.52
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APPENDIX F: NULL ALLELES DETECTED USING MICROCHECKER

Table F1 Markers identified as potentially containing null alleles in eight lakes by
MICROCHECKER.
Genetics

Lake 1 H Slushy  Strange  Esker WP152 T Bone Cabot

CCAT20

CCAT35

DLU409

CCAT44

CCAT32

DLU4183

AN
AN
AN
<
AN
<

US3

DLU4235

DLU4339
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APPENDIX G: DIVERSITY AND DISTANCE CORRELATIONS

a) 12 b) 127
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g - L 298 8 - *e
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APPENDIX H: PAIRWISE AND LINEARIZED PAIRWISE Fs

Table H1 Pairwise Fgr values calculated using 17 loci for longnose suckers (Catostomus
catostomus) sampled from eight lakes within the Kogaluk River.

Lake 1 Gel};tics Slushy Strange Esker WP152 T-Bone Cabot
Lake 1 0
Genetics H  0.04267 0
Slushy 0.034639  0.022473 0O
Strange 0.070202  0.055884  0.053757 O
Esker 0.026051  0.017603  0.016449  0.035134 0
WP152 0.024922  0.02126 0.018874  0.045632  0.003581 0O
T-Bone 0.062289  0.033197 0.041264 0.067973  0.033804  0.029786 0
Cabot 0.051459  0.026346  0.029516  0.059827  0.024279  0.023745  0.022593 O

Table H2 Linearized pairwise Fs; values calculated using 17 loci for longnose suckers
(Catostomus catostomus) sampled from eight lakes within the Kogaluk River.

Lake 1 Gen}sI:tics Slushy Strange Esker WP152 T-Bone Cabot
Lake 1 0
Genetics H  0.044572 0
Slushy 0.035882  0.02299 0
Strange 0.075502  0.059192  0.056811 O
Esker 0.026748  0.017918  0.016724  0.036413 0
WP152 0.025559  0.021722  0.019237 0.047814  0.003594 O
T-Bone 0.066427  0.034337  0.04304 0.07293 0.034987  0.0307 0
Cabot 0.054251  0.027059  0.030414  0.063634  0.024883  0.024323  0.023115 O
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APPENDIX I: STRUCTURE HARVESTER PLOTS
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Figure I1 a) Delta K-values versus K-values for STRUCTURE analyses based on
genotypes of 17 loci from longnose sucker samples from all lakes. b) Ln(K) values versus
K-values for STRUCTURE analyses including longnose sucker samples from all lakes.
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Figure 12 a) Delta K-values versus K-values and b) Ln(K) values versus K-values for
STRUCTURE analyses including location priors based on genotypes of 17 loci from
longnose sucker samples from Esker, WP152 and Cabot only.
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APPENDIX J: PAIRWISE DISTANCES, ELEVATIONS, AND SLOPES

Table J1 Pairwise waterway distances in kilometres between eight lakes within the

Kogaluk River.
Lake 1 Ge“}‘;ﬁcs Slushy  Strange  Esker ~ WPI52  T-Bone  Cabot
Lake 1 0
Genetics H 34.25 0
Slushy 75.55 72.29 0
Strange 74.040 70.770 35.150 0
Esker 50.75 47.49 38.67 37.150 0
WP152 85.61 82.35 73.53 72.010 34.86 0
T-Bone 160.42 157.16 14834  146.820 109.67 109.84 0
Cabot 140.32 137.06 12824 126.720 89.57 89.74 100.35 0

Table J2 Pairwise elevation in metres between eight lakes within the Kogaluk River.

Lake 1 Gel};tics Slushy Strange Esker WP152 T-Bone Cabot
Lake 1 0
Genetics H 13 0
Slushy 61 48 0
Strange 38 25 23 0
Esker 94 81 33 56 0
WP152 80 67 19 42 14 0
T-Bone 57 44 4 19 37 23 0
Cabot 465 452 404 427 371 385 408 0

Table J3 Pairwise slope in metres per kilometre between eight lakes within the Kogaluk

River.
Lake 1 Ge“ﬁ*ﬁcs Slushy ~ Strange  Esker ~ WPI52  T-Bome Cabot
Lake 1 0
Genetics H (0.379562 0
Slushy 0.807412  0.663992 0
Strange 0.513236  0.353257 0.654339 0
Esker 1.852217 1.705622 0.853375 1.507402 0
WP152 0.93447 0.8136  0.258398 0.583252 0.401606 0
T-Bone 0.355317 0.279969 0.026965  0.12941 0.337376 0.209395 0
Cabot 3.313854 3.297826 3.150343 3.369634 4.142012 4.290172 4.06577 0
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APPENDIX K: PAIRWISE DISTANCE MANTEL TESTS

Table K1 Results of Mantel test correlating pairwise waterway distances and pairwise

linearized Fgps for longnose sucker (Catostomus catostomus) samples from eight lakes
within the Kogaluk River. Significant P-values are in bold (o = 0.05).

Lakes excluded R*value P AIC, AAIC,
None 0.13 0.122 -71.51 16.22
Strange 0.40 0.007 -76.77 10.96
Strange, Lake 1 0.77 0.003 -87.73 0.00
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Table K2 Results of Mantel test correlating pairwise waterway distances and pairwise

linearized Fgps for longnose sucker (Catostomus catostomus) samples from the northern
six lakes within the Kogaluk River. Significant P-values are in bold (o = 0.05).

Lakes excluded R*value P AIC, AAIC,
None 0.02 0.397 -61.49 21.17
Strange 0.02 0.394 -68.29 14.36
Strange, Lake 1 0.58 0.043 -82.66 0.00
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Figure K2 Correlation between pairwise linearized Fgr values and waterway distance
(km) between samples of longnose suckers (Catostomus catostomus) collected from the
northern six lakes within the Kogaluk River. a) Initially all lakes were included in the
correlation and b) a barplot of the residuals for each lake indicates Strange lake as a
potential outlier lake due to the lack of overlap between this lake’s 95% confidence
interval (brackets) with 0. This lake was subsequently removed and the correlation
repeated c) with no further outlier lakes identified in d) a plot of the residuals. Based on
the genetic distinctiveness of Lake 1 it was removed and the correlation was repeated e)
and f) a plot of the residuals revealed no further outlier lakes.
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APPENDIX L: PAIRWISE ELEVATION MANTEL TESTS

Table L1 Results of Mantel test correlating elevation differences and pairwise linearized
Fsrs for longnose sucker (Catostomus catostomus) samples from eight lakes within the
Kogaluk River.

Lakes excluded R*value P AIC, AAIC,
None <0.01 0.568 -70.11 1.68
Strange <0.01 0.308 -71.79 0.00
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Figure L1 Correlation between pairwise linearized Fgr values and elevation (m) between
samples of longnose suckers (Catostomus catostomus) collected from eight lakes within
the Kogaluk River. a) Initially all lakes were included in the correlation and b) a barplot
of the residuals for each lake indicates Strange lake as a potential outlier lake due to the
lack of overlap between this lake’s 95% confidence interval (brackets) with 0. This lake
was subsequently removed and the correlation repeated c) and d) a plot of the residuals
revealed no further outlier lakes.
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Table L2 Results of Mantel test correlating elevation differences and pairwise linearized
Fsrs for longnose sucker (Catostomus catostomus) samples from the northern six lakes
within the Kogaluk River.

Lakes excluded R? value P AIC, AAIC,
None 0.05 0.180 -61.79 6.43
Strange 0.01 0.311 -68.23 0.00

103



a) 0.08 - . b) 25 -
0.07 2 -
# 0.06 - p L, 15
5 0.05 1 . . § 1.
N 0.04 - © |
& *® = 05
@ 0.03 - g .
= 0.02 - * o ¢ o -
0.01 - y=-0.0002x +0.0419 &
: - 1.
0.00 * _ R?=00521 e
0 50 100 '2
Elevation Difference (m) 11 GH SLU STG ESK WP
c) 0.050 d) 3 -
. 25 -
0.040 - 2 -
-
i ¢ b 1.5 -+
S 0.030 - T
©
E 0.020 - /"7"4 = 05 1 [
2 ' ‘ ‘ ’ g 0 T T - T T T
= 205 -
0.010 - 3 Y
. y=4E-05x +0.0215 & -1 -
0.000 : R2=0.0116 | -1.5 -
0 50 100 2
2.5 -

Elevation Difference (m) 1 el Sl Bk we

Figure L2 Correlation between pairwise linearized Fgr values and elevation (m) between
samples of longnose suckers (Catostomus catostomus) collected from the northern six
lakes within the Kogaluk River. a) Initially all lakes were included in the correlation and
b) a barplot of the residuals for each lake indicates Strange lake as a potential outlier lake
due to the lack of overlap between this lake’s 95% confidence interval (brackets) with 0.
This lake was subsequently removed and the correlation repeated c¢) and d) a plot of the
residuals revealed no further outlier lakes.
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APPENDIX M: PAIRWISE SLOPE MANTEL TESTS

Table M1 Results of Mantel test correlating slope and pairwise linearized Fps for
longnose sucker (Catostomus catostomus) samples from eight lakes within the Kogaluk

River.
Lakes excluded R*value P AIC, AAIC,
None 0.04 0.341 -70.45 1.39
Strange <0.01 0.437 -71.84 0.00
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Figure M1 Correlation between pairwise linearized Fgy values and slope (m/km)
between samples of longnose suckers (Catostomus catostomus) collected from eight lakes
within the Kogaluk River. a) Initially all lakes were included in the correlation and b) a
barplot of the residuals for each lake indicates Strange lake as a potential outlier lake due
to the lack of overlap between this lake’s 95% confidence interval (brackets) with 0. This
lake was subsequently removed and the correlation repeated c¢) and d) a plot of the
residuals revealed no further outlier lakes.
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Table M2 Results of Mantel test correlating slope and pairwise linearized Fgps for
longnose sucker (Catostomus catostomus) samples from the northern six lakes within the
Kogaluk River.

Lakes excluded R*value P AIC, AAIC,
None 0.07 0.239 -61.94 6.19
Strange <0.01 0.558 -68.13 0.00
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Figure M2 Correlation between pairwise linearized Fgy values and the slope (m/km)
between samples of longnose suckers (Catostomus catostomus) collected from the
northern six lakes within the Kogaluk River. a) Initially all lakes were included in the
correlation and b) a barplot of the residuals for each lake indicates Strange lake as a
potential outlier lake due to the lack of overlap between this lake’s 95% confidence
interval (brackets) with 0. This lake was subsequently removed and the correlation
repeated c) and d) a plot of the residuals revealed no further outlier lakes.
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APPENDIX N: INTERMEDIATE WATERFALLS MANTEL TESTS

Table N1 Results of Mantel test correlating number of intermediate waterfalls and

pairwise linearized Fgys for longnose sucker (Catostomus catostomus) samples from the
northern six lakes within the Kogaluk River. Significant P-values are in bold (o = 0.05).

Lakes excluded R*value P AlIC, AAIC,
None 0.07 0.199 -70.81 14.72
Strange 0.30 0.061 -75.19 10.34
Strange, Lake 1 0.70 0.027 -85.52 0.00
Strange, Lake 1, Slushy 0.73 0.050 -82.23 3.29
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APPENDIX O: ALLELIC RICHNESS AND Fg; CORRELATIONS
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Figure O1 Correlation of the standardized residuals of pairwise linearized Fgs after
correlation between linearized Fgy and geographic distance with allelic richness for a) all
lakes, b) all lakes except Strange and Lake 1.
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Figure 02 Correlation of pairwise linearized Fgrs with allelic richness for a) all lakes, b)
all lakes except Strange and Lake 1, c) all lakes except Strange and Lake 1 with the
exclusion of the data point for Esker and WP152.
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Figure O3 Correlation of the standardized residuals of pairwise linearized Fyrs after
correlation between linearized Fgr and geographic distance with allelic richness for a) all
of the northern six lakes, b) all of the northern six lakes except Strange and Lake 1.
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Figure 04 Correlation of pairwise linearized Fgys with allelic richness for a) all of the
northern six lakes, b) all of the northern six lakes except Strange and Lake 1, c) all of the
northern six lakes except Strange and Lake 1 with the exclusion of the data point for
Esker and WP152.
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APPENDIX P: PUTATIVE ORIGINS OF MIGRANTS

Table P1 Putative origin of longnose sucker samples collected in eight lakes according to
GENECLASS?2.

Putative Origin
Sampling Genetics

Location Lake 1 H Slushy  Strange Esker WP152 T-Bone Cabot
Lake 1 55 2 2
Genetics H 199 1 1
Slushy 1 98 2 2
Strange 1 1 117 | 1
Esker 138
WP152 1 2 71
T-Bone 1 114
Cabot 2 1 54
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Table Q1 Migration rates between lakes within the Kogaluk River calculated using BayesAss for the purpose of estimating
the effective metapopulation size of the entire system using the Tufto-Hindar method (Tufto and Hindar 2003). Esker and
WP152 samples were pooled together. Standard deviations are in parentheses.

Emigration From

Lake 1 Genetics H Slushy Strange Esker/WP152 T-Bone Cabot

Lake 1 0.9558 (0.0159) 0.0061 (0.006)  0.0067 (0.0065) 0.0072 (0.0067) 0.009 (0.0086) 0.01 (0.0085) 0.0052 (0.0052)
*2 Genetics H 0.0051 (0.0041) 0.9141 (0.0185) 0.012 (0.0071)  0.0071 (0.0048) 0.0461 (0.0161) 0.0138 (0.0084) 0.0019 (0.0019)
E Slushy 0.0082 (0.0066) 0.0079 (0.0074) 0.8751 (0.0229) 0.0076 (0.0065) 0.0848 (0.0219) 0.0126 (0.0107) 0.0038 (0.0038)
E Strange 0.0108 (0.0066) 0.0032 (0.0032) 0.0045 (0.0041) 0.9447 (0.0137) 0.0287 (0.0128) 0.0052 ( 0.0048) 0.0028 (0.0028)
%‘) Esker/WP152 0.0136 (0.0089) 0.0161 (0.0097) 0.0188 (0.0103) 0.0111 (0.0069) 0.9315 (0.0177) 0.0058 (0.0053) 0.003 (0.0028)
E T-Bone 0.0056 (0.0052) 0.0057 (0.0054) 0.0049 (0.0044  0.0034 (0.0033) 0.0094 (0.0079) 0.9679 (0.0119) 0.003 (0.003)

Cabot 0.0068 (0.0066) 0.0077 (0.0074) 0.0072 (0.007)  0.0092 (0.0083) 0.2432(0.032) 0.0421 (0.0272) 0.6837 (0.0127)

Table Q2 Migration rates between lakes within the Kogaluk River calculated using BayesAss for the purpose of estimating the

effective metapopulation size of the entire system (excluding T-Bone) using the Tufto-Hindar method (Tufto and Hindar 2003).

Esker and WP152 samples were pooled together. Standard deviations are in parentheses.

Emigration From

Lake 1 Genetics H Slushy Strange Esker/WP152 Cabot
g Lake 1 0.9635 (0.0149)  0.0063 (0.0062) 0.0074 (0.0069) 0.0074 (0.0069) 0.01 (0.0092) 0.0054 (0.0053)
= Genetics H 0.0056 (0.0043)  0.925 (0.0156) 0.0145 (0.0078) 0.0077 (0.0051) 0.045 (0.0146) 0.0021 (0.002)
.§ Slushy 0.0087 (0.0069)  0.0089 (0.0079) 0.8885 (0.0221) 0.0092 (0.0075) 0.0807 (0.0219) 0.004 (0.0039)
*:-; Strange 0.0113 (0.0066)  0.0033 (0.0032) 0.0046 (0.0041) 0.9504 (0.0132) 0.0274 (0.0123) 0.003 (0.0029)
g Esker/WP152  0.015(0.0101) 0.0146 (0.0088) 0.0228 (0.0119) 0.0126 (0.0073) 0.932(0.0183) 0.0031 (0.0029)
=  Cabot 0.0074 (0.0072)  0.009 (0.0087) 0.0076 (0.0074) 0.0108 (0.0093) 0.2766 (0.0227) 0.6886 (0.0156)
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Table Q3 Migration rates between the northern six lakes in the Kogaluk River calculated using BayesAss for the purpose
of estimating the effective metapopulation size of the northern six lakes using the Tufto-Hindar method (Tufto and Hindar

2003). Standard deviations are in parentheses.

Emigration From

Lake 1 Genetics H Slushy Strange Esker/WP152
Lake 1 0.9686 (0.0142) 0.0064 (0.0063) 0.008 0.0074) 0.0075 (0.007) 0.0095 (0.0088)
.§ Genetics H 0.0055 (0.0042) 0.9253 (0.0168) 0.0152 (0.0082) 0.0074 (0.0049) 0.0467 (0.0158)
E" <§ Slushy 0.009 (0.0071) 0.01 (0.0087) 0.8969 (0.0212) 0.0076 (0.0068) 0.0765 (0.021)
E = Strange 0.0122 (0.0071) 0.0033 (0.0033) 0.0051 (0.0044) 0.9526 (0.0132) 0.0268 (0.0127)
= Esker/WP152 0.015 (0.0099) 0.0209 (0.0111) 0.0306 (0.0144) 0.01 (0.0065) 0.9234 (0.0219)




APPENDIX R: LAKE AREA AND N, CORRELATIONS
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Figure R1 Correlation between N, values calculated with and without migrants identified
in GENECLASS? with lake area (km?). a) ﬁe(LDNE) values calculated without migrants

correlated with lake area. b) Ne(LDNE) values calculated with the inclusion of migrants
correlated with lake area after the negative ﬁe(LDNE) value for T-Bone was removed from
the correlation analysis. ¢) Same as b) but with the Ne(LDNE) for Esker/WP152 removed.
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APPENDIX S: ELEVATION AND N, CORRELATIONS
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Figure S1 Correlation between IVe(LDNE) values calculated with and without migrants
identified in GENECLASS?2 with lake elevation above sea level (m). a) Ne(LDNE) values
calculated without migrants. b) Ne(.png) values calculated with the inclusion of migrants
correlated with elevation after the negative Ne png) value for T-Bone was removed from
the correlation analysis.
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APPENDIX T: DIYABC PRE-EVALUATION SUMMARY STATISTICS

Table T1 Pre-evaluation of three colonization scenarios of longnose suckers (Catostomus
catostomus) in the Kogaluk River based on comparison of summary statistics of the
observed data set with those for the simulated data sets. Values for each scenario denote
the proportion of data sets that have a summary statistic value less than that of the
observed value: * denotes a value >0.95 or <0.05. NAL is the mean number of alleles
(one-sample), HET is the mean genic diversity (one-sample), VAR is the mean size
variance (one-sample), H2P is the mean genic diversity (two-sample), V2P is the mean
size variance (two-sample), DM2 is the (dp)* distance (two sample). Within the summary
statistics column 1 is Lake 1, 2 is Genetics H, 3 is Slushy, 4 is Strange, 5 is
Esker/WP152, 6 is T-Bone, 7 is Cabot.

Sum.lnz}ry Observed  Scenario Significance Scenario Significance Scenario Significance
Statistics Value 1 2 3
NAL 11 8.5294 0.1886 0.1843 0.1856
NAL_1 2 11.4706 0.309 0.3007 0.3058
NAL 1 3 11.2941 0.3323 0.3233 0.3261
NAL_1 4 9.8824 0.235 0.2292 0.2315
NAL 1 5 14.1765 0.4626 0.4223 0.461
NAL_1 6 11.0588 0.2984 0.3017 0.2781
NAL 1 7 10.7059 0.3018 0.3206 0.3143
HET 11 0.6517 0.0679 0.0674 0.0665
HET 1 2 0.642 0.063 0.0627 0.0614
HET 13 0.645 0.0647 0.0641 0.0634
HET 1 4 0.6109 0.0498 * 0.0497 * 0.0495 *
HET 15 0.6573 0.0702 0.0696 0.0687
HET 1 6 0.6356 0.06 0.0597 0.06
HET 1 7 0.6475 0.065 0.0657 0.0605
VAR 1 1 11.0212 0.3218 0.3194 0.3204
VAR 1 2 14.8178 0.4188 0.4153 0.4172
VAR 13 12.9595 0.3724 0.3696 0.3704
VAR 1 4 10.827 0.3163 0.3141 0.3148
VAR 15 14.7701 0.4164 0.406 0.415
VAR 1 6 13.3952 0.3791 0.3803 0.3721
VAR 1 7 14.4487 0.3991 0.4032 0.403
H2P_1 1&2 0.6547 0.0627 0.0611 0.0621
H2P 1 1&3 0.6584 0.0618 0.0595 0.0581
H2P 1 1&4 0.6453 0.0559 0.054 0.0528
H2P 1 1&5 0.6617 0.0678 0.0651 0.0671
H2P 1 1&6 0.6603 0.0591 0.061 0.0599
H2P 1 1&7 0.6669 0.0615 0.0628 0.0615
H2P 1 2&3 0.6498 0.0581 0.0562 0.0541
H2P 1 2&4 0.6479 0.0566 0.0545 0.0527
H2P 1 2&5 0.6563 0.0621 0.0587 0.0618
H2P 1 2&6 0.6498 0.0534 0.0556 0.0541
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Sum.rnz}ry Observed  Scenario Significance Scenario Significance Scenario Significance
Statistics Value 1 2 3
H2P 1 2&7 0.6489 0.0579 0.0589 0.0577

H2P_1 3&4 0.6448 0.054 0.0514 0.0485 *
H2P 1 3&5 0.6586 0.0645 0.0615 0.0588
H2P_1 3&6 0.6541 0.0536 0.0556 0.0553
H2P 1 3&7 0.6548 0.0575 0.0588 0.0561
H2P_1 4&5 0.6519 0.0606 0.0579 0.0548
H2P 1 4&6 0.6457 0.0497 * 0.0517 0.0514
H2P_1 4&7 0.6394 0.0512 0.0523 0.0503
H2P 1 5&6 0.6594 0.0585 0.0615 0.059
H2P_1 5&7 0.6605 0.0637 0.0677 0.0642
H2P 1 6&7 0.6456 0.0576 0.055 0.0563
V2P 1 1&2 14.1647 0.3981 0.3939 0.3973
V2P 1 1&3 12.4615 0.3535 0.3497 0.3501
V2P_1 1&4 11.1994 0.3208 0.3172 0.3175
V2P 1 1&5 14.0422 0.3956 0.3868 0.3946
V2P_1_1&6 13.1125 0.3655 0.3663 0.3628
V2P 1 1&7 12.8525 0.358 0.3586 0.3599
V2P 1 2&3 14.529 0.4059 0.4012 0.4022
V2P 1 2&4 13.6992 0.385 0.3806 0.3813
V2P_1 2&5 14.9917 0.4178 0.4098 0.4168
V2P 1 2&6 15.3552 0.4216 0.4209 0.4199
V2P_1 2&7 15.0024 0.416 0.4144 0.4164
V2P 1 3&4 12.0381 0.3423 0.3385 0.3373
V2P_1 3&5 14.3403 0.4022 0.3939 0.3973
V2P_1 3&6 13.5716 0.3768 0.3771 0.3745
V2P_1 3&7 13.505 0.3759 0.3758 0.3757
V2P 1 4&S5 13.4659 0.3802 0.3723 0.3753
V2P_1 4&6 12.6578 0.3537 0.3542 0.3518
V2P 1 4&7 12.2184 0.3436 0.3438 0.3433
V2P_1 5&6 14.9199 0.411 0.4078 0.4094
V2P 1 5&7 14.7772 0.41 0.4054 0.4108
V2P_1 6&7 13.8887 0.3855 0.3856 0.3824
DM2 1 1&2 1.6435 0.8152 0.7914 0.8493
DM2 1 1&3 1.2967 0.7362 0.7085 0.6672
DM2 1 1&4 1.5674 0.7943 0.7689 0.7321
DM2 1 1&5 0.8552 0.7114 0.6467 0.7496
DM2 1 1&6 2.5939 0.8553 0.8773 0.9008
DM2 1 1&7 1.1016 0.5958 0.6385 0.6533
DM2 1 2&3 1.7107 0.8409 0.8185 0.7875
DM2 1 2&4 1.8693 0.8613 0.84 0.8123
DM2 1 2&5 0.7292 0.7329 0.6616 0.7759
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Sum.rnz}ry Observed  Scenario Significance Scenario Significance Scenario Significance
Statistics Value 1 2 3

DM2 1 2&6 4.7639 0.945 0.9498 0.9683 *

DM2_1 2&7 1.6887 0.8054 0.8199 0.8288

DM2 1 3&4 1.1052 0.7223 0.6928 0.6331

DM2_1 _3&5 0.793 0.7279 0.6603 0.5707

DM2 1 3&6 1.6825 0.763 0.8047 0.8367

DM2_1 3&7 0.6889 0.4292 0.4938 0.4638

DM2 1 4&5 0.7525 0.7223 0.6506 0.5607

DM2_1 4&6 2.3546 0.8502 0.8734 0.9082

DM2 1 4&7 1.7208 0.7996 0.8147 0.7838

DM2_1 5&6 2.7431 0.892 0.9474 0.9318

DM2 1 5&7 0.8668 0.5748 0.7931 0.67

DM2 | 6&7 1.1901 0.8003 0.7015 0.7878
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APPENDIX U: DIYABC MODEL CHECKING SUMMARY STATISTICS

Table U1 Model checking of the best colonization scenario (colonization from the west)
of longnose suckers (Catostomus catostomus) in the Kogaluk River based on comparison
of summary statistics of the observed data set with those derived from the posterior
distribution of parameters. Values for each scenario denote the proportion of data sets
that have a summary statistic value less than that of the observed value: * denotes a value
>(.95 or <0.05, ** denotes a value >0.99 or <0.01, * denotes a value >0.999 or <0.001.
N2P is the number of alleles (two-sample), FST is the pairwise FST (two-sample).
Within the summary statistics column 1 is Lake 1, 2 is Genetics H, 3 is Slushy, 4 is
Strange, 5 is Esker/WP152, 6 is T-Bone, 7 is Cabot.

Summary Observed Proportion Significance

Statistic Value (simulated>observed)
N2P 1 1&2 12.2941 0.466
N2P 1 1&3 12.0588 0.249
N2P 1 1&4 11.2353 0.1915
N2P 1 1&5 14.1765 0.5415
N2P 1 1&6 12.3529 0.47
N2P 1 1&7 11.7059 0.321
N2P 1 2&3 12.9412 0.36
N2P 1 2&4 12.5882 0.345
N2P 1 2&5 14.4706 0.552
N2P 1 2&6 13.2941 0.54
N2P 1 2&7 13 0.492
N2P 1 3&4 12.4706 0.2515
N2P 1 3&5 14.5294 0.5355
N2P 1 3&6 13.1176 0.412
N2P 1 3&7 12.6471 0.3245
N2P 1 4&5 144118 0.53
N2P 1 4&6 12.6471 0.375
N2P 1 4&7 12.2941 0.3075
N2P 1 5&6 14.9412 0.6495
N2P 1 5&7 14.5882 0.597
N2P 1 6&7 13.1176 0.5565
FST 1 1&2 0.0428 0.4325
FST 1 1&3 0.0351 0.554
FST 1 1&4 0.0702 0.7845
FST 1 1&5 0.0248 0.456
FST 1 1&6 0.063 0.72
FST 1 1&7 0.0517 0.6915
FST 1 2&3 0.0224 0.561
FST 1 2&4 0.0562 0.882
FST 1 2&S5 0.0179 0.5145
FST 1 2&6 0.0338 0.5695
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Summary Observed Proportion Significance
Statistic Value (simulated>observed)
FST 1 2&7 0.0265 0.6005
FST 1 3&4 0.0543 0.997 *x
FST 1 3&5 0.0166 1 otk
FST 1 3&6 0.0422 1 oAk
FST 1 3&7 0.0297 1 otk
FST 1 4&S5 0.0375 0.9885 *
FST 1 4&6 0.0686 0.998 ok
FST 1 4&7 0.06 0.9985 *x
FST 1 5&6 0.032 0.994 ok
FST 1 5&7 0.0232 0.9995 ok
FST 1 6&7 0.0228 0.968 *
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