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Abstract

Ramstad, Kristina M., Ph.D., May 2006 Organismal Biology and Ecology

Colonization and Local Adaptation of Sockeye Salmon (Oncorhynchus nerka) of Lake Clark,
Alaska

Chair: Fred W. Allendorf

Adaptive divergence is expected among sockeye salmon (Oncorhychus nerka) populations
because they spawn in diverse habitats and experience spatially and temporally restricted gene
flow. Genetic bottleneck effects are also expected among sockeye salmon populations because
they are a highly structured species with excellent colonizing abilities. To test if phenotypic
divergence among sockeye salmon populations is due to local adaptation or genetic drift, I
compared neutral genetic and heritable phenotypic variation in spawning populations of sockeye
salmon throughout the Lake Clark area of Alaska.

I assessed nuclear (microsatellites and allozymes) and mitochondrial DNA variation of 15
sockeye salmon populations. Reduced allelic and haplotypic diversity and strong divergence of
Lake Clark populations relative to Six-mile and Iliamna Lake populations suggest a bottleneck
associated with the colonization of Lake Clark by sockeye salmon between 100 and 400
generations ago. The Sucker Bay Lake population had an exceptionally severe reduction in
allelic diversity at microsatellite loci but not mtDNA, suggesting this population has experienced
consistently smaller effective population size than other Lake Clark populations. Geographic
distance and spawning habitat apparently do not contribute to neutral genetic divergence among
populations. However, temporal isolation based on spawning time and founder effects associated
with ongoing glacial retreat contribute to the genetic population structure of Lake Clark sockeye
salmon.

Significant phenotypic divergence among spawning populations was associated with spawning
habitat differences, but not neutral genetic divergence among populations. For example, female
body color was lighter and egg color darker in glacial than non-glacial habitats due possibly to
reduced selection for red spawning color in glacial habitats and an apparent trade-off between
body and egg color in females. Mean Pgr (phenotypic divergence among populations) exceeded
neutral Fgr for most phenotypic traits indicating that phenotypic differences among populations
could not be explained by genetic drift alone. Plasticity is an unlikely source of phenotypic
differences because Lake Clark sockeye salmon spend nearly all their lives in a common
environment. These data suggest that Lake Clark sockeye salmon populations are adapted to
spawning in beach, tributary, and glacial habitats and provide the first evidence of a glacial
spawning phenotype among sockeye salmon.
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Chapter 1 - Introduction

Populations are products of opposing evolutionary forces. Gene flow promotes homogeneity
among populations while genetic drift and selection promote divergence among populations.
When reproductive isolation is coupled with significantly different selective regimes, adaptive
variation among populations, or local adaptation, may result and accrue over time (Endler 1984;
Stearns 1992; see review by Taylor 1991). Phenotypic divergence among populations may
indicate adaptation but could also be attributed to phenotypic plasticity (the range of expression
of the genotype in interaction with the environment; Stearns 1992) or genetic drift (Adkison
1995; Hartl and Clark 1997). Thus, attributing local differentiation to local adaptation is difficult.

Organisms exploiting different habitats may be locally adapted and display heritable
phenotypic variation both in the absence of gene flow (Taylor and Bentzen 1993; Johnson and
Black 2000) and in the presence of gene flow (Wood and Foote 1996; Foote et al. 1999) among
habitat types. This adaptive divergence among conspecific populations is sometimes a precursor
to speciation (Robinson and Schluter 2000). Northern freshwater fishes may be particularly
prone to rapid and sympatric phenotypic diversification. Many of these species exhibit dramatic
phenotypic variation that is trophically associated, heritable, and persists in the presence of high
gene flow.

Reproductive isolation and spawning habitat variation promote divergence of genotypes
and phenotypes among spawning populations of salmonids (Ricker 1972; Beacham and Murray
1987; Taylor 1991; Blair et al. 1993). Phenotypic differences are often attributed to local
adaptation as habitat characteristics frequently correlate with heritable morphological traits,
behaviors, and life histories. For example, sockeye salmon (Oncorhynchus nerka) body depth is
positively correlated with spawning site water depth and negatively correlated with predation
(Bishop 1991; Wetzel 1993; Woody 1998) and run timing is correlated with stream thermal

regime (Brannon 1987; Woody 1998). The role of genetic drift in promoting phenotypic



differentiation among local spawning populations of salmonids has been less explored (Adkison
1995).

My dissertation research examines the relative importance of colonization (genetic drift
due to founder effects) and local adaptation (selection) in shaping spawning populations of
sockeye salmon in Lake Clark, Alaska. Phenotypic plasticity is an unlikely source of phenotypic
differences among populations of Lake Clark sockeye salmon because fish rear as juveniles in a
common nursery lake (Schlenger 1996), collectively outmigrate to sea as smolt (Orrell 1963;
Woolington et al. 1990), spend their adult lives in a common oceanic environment (French et al.
1976; Burgner 1980), and return synchronously to Lake Clark to spawn (Burgner 1980; Jensen
and Mathisen 1987). Thus, there is little opportunity for spawning populations to experience
different environments prior to spawning.

Colonization is the invasion of species into newly created or disturbed habitats (Mayr
1965). The retreat of the Cordilleran ice sheet approximately 13,500 to 11,000 years ago carved
and filled in lake basins and formed many freshwater habitats of coastal Alaska (Hamilton 1994).
Salmonids survived the Wisconsin glaciation in refugia and ultimately colonized these freshwater
systems (McPhail and Lindsey 1970; Lindsey and McPhail 1986; McPhail and Lindsey 1986;
Wood et al. 1994). Sockeye salmon are excellent colonizers of newly created habitats because
their homing fidelity exists in a dynamic balance with a tendency to stray (Quinn 1984; 1985) and
they can quickly establish spawning populations with few individuals (Milner 1987; Milner and
Bailey 1989; Milner et al. 2000). Thus, sockeye salmon are vulnerable to founder effects, and
genetic drift is expected to influence the genetic population structure of sockeye salmon.

Lakes are the focal points of homing and spawning of sockeye salmon and much of the
genetic variation within sockeye salmon is found among nursery lakes (Wood et al. 1994; Wood
1995; Seeb et al. 2000; Withler et al. 2000). However, sockeye salmon exhibit complex patterns
of genetic divergence on several spatial and temporal scales and data suggest that significant

genetic divergence among spawning populations within nursery lakes as well. Divergence among



populations within lakes is typically associated with differences in spawning habitat type (e.g.,
beach or tributary) or spawning behaviors (e.g., early or late spawning time; Wilmot and Burger
1985; Varnavskaya et al. 1994; Wood 1995). Restricted gene flow among and differential
selection within spawning habitat types could result in habitat specific phenotypes of sockeye
salmon due to selection.

Genetic and phenotypic analyses are complementary in studies of adaptive divergence
(Bernatchez et al. 1999; Bernatchez and Wilson 1998). Neutral genetic polymorphism data can
resolve gene flow among and genetic drift within populations but can say nothing of adaptive
phenotypic divergence while the reverse is true for ecological and phenotypic comparisons. In
this study, I compare patterns of neutral genetic, phenotypic, and spawning habitat variation to
assess the relative effects of genetic drift and selection in shaping spawning populationsof Lake
Clark sockeye salmon. More specifically, I tested for evidence of adaptive differentiation
between fish spawning in beach and tributary habitats and between fish spawning in glacial and

non-glacial habitats.

T-WEB Internship

I also conducted a project to record Maori traditional ecological knowledge (TEK) of tuatara
(Sphenodon spp.) in New Zealand. This project was conducted as part of my Training Within
Environmental Biology (T-WEB) fellowship. The T-WEB program is a doctoral conservation
biology program with the goal of training creative, skilled scientists that are flexible thinkers and
able to work collaboratively with scientists and decision makers both inside and outside
academia. Each T-WEB fellow designs and carries out an internship that provides substantial
experience outside their normal research activities in a non-academic setting and promotes critical
analysis of the relationship between basic science and environmental decision making. For my
internship, I designed and coordinated a collaborative study between university ecologists

(University of Montana, USA and Victoria University of Wellington, New Zealand) and Maori



iwi (similar to tribes) resource managers (Te Atiawa Iwi and Ngati Koata Iwi, New Zealand) and

spent 6 months in New Zealand recording Maori TEK of tuatara.

1.1 Research objectives and findings

Ecological genetics of sockeye salmon
The role of founder effects in shaping the genetic population structure of Lake Clark sockeye
salmon is examined in Chapter 2. I measured variation at 11 microsatellite loci and compared
populations throughout Lake Clark, Six-mile Lake, and Lake Iliamna to address three primary
questions.
(D) What is the pattern of genetic divergence among spawning populations of Lake
Clark, Six-Mile Lake, and Lake Iliamna sockeye salmon?
2) Is there evidence of genetic bottleneck effects among spawning populations of
sockeye salmon within Lake Clark relative to Six-mile Lake and Lake Iliamna?
3) What physical and biological factors best explain the patterns of genetic
divergence among and genetic variation within these spawning populations of

sockeye salmon?

Six-mile Lake and Lake Clark populations have historically been grouped together for
management purposes and are geographically proximate. However, microsatellite analysis
suggests that Six-mile Lake populations are genetically similar to Lake Iliamna populations and
divergent from Lake Clark populations. Reduced allelic diversity and strong divergence of Lake
Clark populations relative to Six-mile Lake and Lake Iliamna populations suggest a bottleneck
associated with the colonization of Lake Clark by sockeye salmon. The Sucker Bay Lake
population of Lake Clark exhibited the strongest bottleneck signal observed in this study.

Geographic distance and spawning habitat differences apparently do not contribute to isolation



and divergence among spawning populations. However, temporal isolation based on spawning
time and founder effects associated with ongoing glacial retreat and colonization of new
spawning habitats contribute to the genetic population structure of Lake Clark sockeye salmon.
This chapter was published in the journal Molecular Ecology (13:277-290) in 2004.

In Chapter 3, I use two additional types of genetic markers (allozymes and mtDNA) to
further examine patterns of genetic bottleneck effects and population structure in Lake Clark
sockeye salmon. Comparing bottleneck signals in mitochondrial DNA (mtDNA) and nDNA
(e.g., microsatellites and allozymes) can provide information on the duration and timing of
bottleneck events (Wilson et al. 1985; Birky 1991). The following three questions are addressed
in Chapter 3.

) Do allozyme and mtDNA data suggest the same pattern of founder effects as
microsatellites in Lake Clark sockeye salmon?

2) Is the reduced genetic variation of Sucker Bay Lake sockeye salmon due to a
recent, acute bottleneck effect or consistently low effective population size?

3) Does the Six-mile Lake population share similar allozyme allele and mtDNA

haplotype frequencies with Lake Iliamna or Lake Clark populations?

Allozyme and mtDNA results were congruent with the microsatellite data in suggesting a
common founder event in Lake Clark sockeye salmon and confirmed the divergence of Lake
Clark populations from neighboring Six-mile Lake and Lake Iliamna populations. The Sucker
Bay Lake population had an exceptionally severe reduction in allelic diversity at microsatellite
loci but not at mitochondrial DNA. This suggests that the reduced microsatellite variation in
Sucker Bay Lake fish is due to consistently smaller effective population size than other Lake
Clark spawning populations, rather than a more acute or additional bottleneck since founding.
This chapter is currently in press as an article in the American Fisheries Society Proceedings

entitled Sockeye Salmon Evolution, Ecology, and Management.



The objective of chapter 4 was to test for evidence of local adaptation of sockeye salmon
to different spawning habitats of Lake Clark, Alaska. In this chapter, I describe phenotypic
differences among fish spawning in each of four habitat types (glacial beaches, non-glacial
beaches, glacial tributaries, non-glacial tributaries) and compare patterns of phenotypic
divergence among spawning populations to neutral genetic divergence among populations and
differences in spawning habitat. The following specific questions were addressed.

(D What is the pattern of phenotypic variation among spawning populations of Lake

Clark sockeye salmon?

2) Is phenotypic divergence among populations correlated with differences in

spawning habitat?

3) Is phenotypic divergence among spawning populations correlated with neutral

genetic divergence?

I found significant phenotypic divergence among populations that is associated with
spawning habitat differences, but not with neutral genetic divergence. For example, female body
color is lighter and egg color darker in glacial than non-glacial habitats due possibly to reduced
selection for red spawning color in glacial habitats and an apparent trade-off between body and
egg color in females. In addition, divergence among spawning populations in most phenotypic
traits exceeds neutral genetic divergence indicating that phenotypic differences among
populations cannot be explained by genetic drift alone. Thus, phenotypic divergence among

spawning populations of sockeye salmon is likely the product of local adaptation.

T-WEB Internship
The objectives of my T-WEB internship were three fold. First, I aimed to learn more about
tuatara biology and ecology. Second, I hoped to document the cultural significance of tuatara to

Maori. Finally, I hoped to learn something of the nature of TEK itself through comparing this



case study to others in the literature. All study objectives were met as this study provided the first
evidence of seven former sites of tuatara occupation, suggested five additional sites that tuatara
may presently occupy, suggested novel hypotheses for scientific testing, and contained tuatara
cultural roles that have not been previously reported. The study also resulted in a lasting digital
archive of Maori TEK for each participating iwi, illustrated that TEK can persist as species
decline, and suggested that TEK can serve as a valuable source of ecological information of rare

species.

1.2 Synthesis and significance

Ecological genetics of sockeye salmon

Phenotypic divergence among spawning populations of Lake Clark sockeye salmon is likely the
product of local adaptation. Phenotypic divergence among populations is not correlated with
neutral genetic divergence but is correlated with differences in spawning habitats suggesting that
selection is the primary force in driving phenotypic divergence among spawning populations.
The data provide additional evidence of beach and tributary ecotypes already reported in the
literature, as well as the first evidence of a glacial ecotype of sockeye salmon. Local adaptation
to glacial spawning habitats suggests that sockeye salmon are excellent colonizers partly because
they can adapt quickly to highly unstable, geologically young habitats.

This work provides an empirical test of the role of founder effects in shaping the
population structure of a colonizing species. The correlation between differences in genetic
variation and genetic divergence among spawning populations in three types of genetic markers
suggests that founder effects have deeply affected the genetic population structure of Lake Clark
sockeye salmon. Genetic divergence and geographic distance are not correlated among
populations further suggesting these populations are not at migration-drift equilibrium and

patterns of neutral genetic population divergence are to due to historical events. This study also



demonstrates the importance of using a variety of genetic marker types to test for bottleneck
effects. The combination of microsatellite and mtDNA data suggests that isolation and low
effective population size (N,) have promoted further loss of genetic variation in the Sucker Bay
Lake population since sharing in a common founder event with other Lake Clark populations.
Commonly founded populations have provided some of the best evidence of rapid
adaptive divergence in wild salmon because phenotypic divergence due to selection must have
arisen since populations became established (Quinn et al. 1996; Kinnison et al. 1998; Hendry et
al. 2000b; Quinn et al. 2000). This study concurs with others in suggesting that local adaptation
can occur relatively quickly (100 to 400 generations in Lake Clark sockeye salmon) and be
present among populations that exhibit little neutral genetic divergence (Hendry et al. 2000b;

Stockwell et al. 2003).

T-WEB Internship

We are currently experiencing a species and cultural extinction crisis with profound losses of
species (Singh 2002), indigenous languages (Cox 1997; Maffi 1998; Stork 1999), and TEK. This
study suggests that if we wish to conserve TEK and cultural diversity, we must conserve species
that figure prominently in traditions and maintain links between traditional cultures and species.
Including diverse perspectives will promote better species conservation by improving our

understanding of species and increasing public support for management and restoration.



Chapter 2 - Founding events influence genetic population structure of

Lake Clark sockeye salmon

2.1 Abstract

Bottlenecks can have lasting effects on genetic population structure that obscure patterns of
contemporary gene flow and drift. Sockeye salmon are vulnerable to bottleneck effects because
they are a highly structured species with excellent colonizing abilities and often occupy
geologically young habitats. We describe genetic divergence among and genetic variation within
spawning populations of sockeye salmon throughout the Lake Clark area of Alaska. Fin tissue
was collected from sockeye salmon representing 15 spawning populations of Lake Clark, Six-
mile Lake, and Lake Iliamna. Allele frequencies differed significantly at 11 microsatellite loci in
96 of 105 pair-wise population comparisons. Pair-wise estimates of Fsr ranged from zero to
0.089. Six-mile Lake and Lake Clark populations have historically been grouped together for
management purposes and are geographically proximate. However, Six-mile Lake populations
are genetically similar to Lake Iliamna populations and divergent from Lake Clark populations.
Reduced allelic diversity and strong divergence of Lake Clark populations relative to Six-mile
Lake and Lake Iliamna populations suggest a bottleneck associated with the colonization of Lake
Clark by sockeye salmon. Geographic distance and spawning habitat differences apparently do
not contribute to isolation and divergence among populations. However, temporal isolation based
on spawning time and founder effects associated with ongoing glacial retreat and colonization of
new spawning habitats contribute to the genetic population structure of Lake Clark sockeye
salmon. Non-equilibrium conditions and the strong influence of genetic drift caution against
using estimates of divergence to estimate gene flow among populations of Lake Clark sockeye

salmon.



2.2 Introduction

Populations are products of opposing evolutionary forces. Gene flow promotes homogeneity
among populations, genetic drift promotes divergence, and selection may act in either direction.
The relative effects of these forces shape the genetic population structure (pattern of genetic
variation among and within populations) of a species. Understanding genetic population structure
is critical for effective management as it provides a basis for defining management units, can
identify populations of unusual genetic composition, and may identify populations at risk of
extinction due to low genetic diversity (Avise 1994). Population structure is positively associated
with genetic diversity and resilience to disturbance such that large, highly structured populations
have high genetic diversity and probability of persistence (Giesel 1974; Altukhov 1981). In
contrast, small, panmictic populations are vulnerable to inbreeding, demographic stochasticity,
genetic drift and thus, reduced evolutionary potential, and increased probability of extinction
(Luikart et al. 1998; Soulé and Mills 1998).

A genetic bottleneck effect occurs when a population experiences a severe reduction in
effective population size (Avise 1994). During a bottleneck event, genetic drift (random changes
in allele frequencies due to imperfect sampling of alleles between generations) reduces genetic
variation within and increases genetic divergence among populations. Founder effects are
bottleneck effects that are associated with the founding of a new population. Thus, genetic drift
may affect genetic population structure through founding events. Populations that have been in
stable environments and connected by dispersal over long periods of time will reach a genetic
equilibrium where the loss of alleles due to drift is balanced by the introduction of new alleles
through migration (Wright 1951).

Assessing the relative effects of gene flow and genetic drift in shaping contemporary
genetic population structure is difficult. If populations are in equilibrium, genetic population
structure reflects recent processes and the amount of gene flow among populations can be

approximated with the equation: Fgr ~1/4Nm+1 (Wright 1931; Mills and Allendorf 1996). When
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populations are not at equilibrium, genetic population structure reflects historical processes and
estimates of current gene flow based on Fisr are biased and potentially misleading (Hutchison and
Templeton 1999). Most natural populations are not in genetic equilibrium (McCauley 1993) due
to disrupted dispersal among populations and bottleneck effects (Hutchison and Templeton 1999;
Kinnison et al. 2002). Populations found at the periphery of a species range (Lesica and
Allendorf 1995; Costello et al. 2003) and in formerly glaciated regions (Congdon et al. 2000;
Hewitt 2000; Turgeon and Bernatchez 2001; Castric and Bernatchez 2003) are particularly prone
to non-equilibrium conditions due to recent range expansions and founder effects. When the rate
of approach to equilibrium is slow compared to disturbance regimes, for example fire (England et
al. 2002) and tectonic activity (Jollivet et al. 1999), populations may never achieve equilibrium.
Specific natal homing promotes reproductive isolation and genetic structuring among
populations of sockeye salmon (Oncorhynchus nerka; Ricker 1972; Quinn 1985; Quinn and
Dittman 1990). Lakes are focal points of homing and genetic divergence is typically greater
among populations spawning in different lakes than among spawning populations within lakes
(Wood 1995; Seeb et al. 2000; Withler et al. 2000). However, there is often significant genetic
divergence among spawning populations within lakes due to restricted gene flow among fish
spawning in beach and tributary habitats (ecological isolation), geographically distant habitats
(spatial isolation), or differing in their time of return or spawning (temporal isolation; Ricker
1972; Wilmot and Burger 1985; Varnavskaya et al. 1994a; 1994b; Wood 1995; Ramstad et al.
2003; Woody et al. 2000). Sockeye salmon are excellent colonizers of newly created habitats
because their homing fidelity exists in a dynamic balance with a tendency to stray (Quinn 1984;
1985) and they can quickly establish spawning populations with few individuals (Milner 1987;
Milner and Bailey 1989; Milner et al. 2000). Thus, sockeye salmon are vulnerable to founder
effects, and genetic drift is expected to influence the genetic population structure of sockeye

salmon.
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We tested the relative importance of ecological, temporal, and spatial isolation (restricted
gene flow) and founder effects (genetic drift) on the genetic population structure of sockeye
salmon of Lake Clark, Alaska. Populations spawn in a variety of habitat types (beach, inlet
tributary, outlet tributary), across a broad range of spawning times (mid August to early
November), and in varying geographic proximities to one another (3 to greater than 300 km)
throughout this system. In addition, there is the potential for founder effects because Lake Clark
is geologically young, having been created by glacial retreat approximately 12 to 15 thousand
years ago (Stilwell and Kaufman 1996). Spawning habitats within Lake Clark vary in time since
deglaciation, suggesting they similarly vary in time since first colonization. For example,
sockeye salmon spawn in an area of the Upper Tlikakila River that was deglaciated
approximately one to two hundred years ago (unpublished data, Dr. Patricia Heiser, University of
Alaska, Anchorage). Lake Clark sockeye salmon that spawn in younger habitats may have
experienced recent founder effects.

This study provides an empirical test of the role of founder effects in shaping the genetic
population structure of a colonizing species. We address three primary questions: (1) What is the
pattern of genetic divergence among spawning populations of Lake Clark, Six-Mile Lake, and
Lake Iliamna sockeye salmon? (2) Is there evidence of genetic bottleneck effects among
spawning populations of sockeye salmon within Lake Clark relative to Six-mile Lake and Lake
Iliamna? (and 3) What physical and biological factors best explain the patterns of genetic

divergence among and genetic variation within these spawning populations of sockeye salmon.

2.3 Methods

2.3.1 Sample collection

Fin tissue from eleven Lake Clark, two Six-mile Lake, and two Lake Iliamna spawning

populations was collected (Figure 1, Table 2). Samples (~100) from three Lake Clark
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populations (Currant Creek, Priest Rock Creek, Kijik River) and both Lake Iliamna populations
(Lower Talarik Creek, Fuel Dump Island) were collected in a single year. Samples (~50) from all
other populations were collected in each of two years to test for inter-annual variation in allele
frequencies within populations. Post spawning and spawning fish were captured on their
spawning grounds by seine and tangle net. A fin clip (approximately Smm2) was collected and
stored in 100% EtOH from each fish sampled.

We attempted to obtain a sample size of 100 for all populations, which provides a 95%
probability of detecting an allele at a frequency 0.015 or greater. We generally met this goal with
the exception of Priest Rock Creek (N = 65) where a lower sample size reduces the ability to
detect rare alleles. However, the number of fish sampled represents a significant fraction of fish

present at this site (~150).

2.3.2 Microsatellite genotyping

Total DNA was extracted using the Puregene® DNA Isolation Tissue Kit (Gentra Systems,
Minneapolis, Minnesota). Concentration of DNA was measured with a DyNA Quant 200
Fluorometer (Hoefer, San Francisco, California) after rehydration in Tris-EDTA. Working stocks
for each sample were diluted with deionized water to concentrations of 50ng/ul.

Fish were genotyped at 11 microsatellite loci (Table 1). Primers were directly labelled
with infrared fluorophore IRD700 and IRD800 (LI-COR, Lincoln, Nebraska). The DNA was
amplified in 10ul polymerase chain reactions (PCR; 200 umol each ANTP, 4 pmol each primer,
10 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KClI, 0.01% each of gelatin, NP-40 and
Triton-x 100, and 0.5 units of DNA polymerase (Promega and/or Perkin-Elmer) in a series of five
PCRs (Table 1). Profiles for PCR were: 94°C for 2 min followed by 35-40 cycles of 15 sec to 1
min at 94°C, 15 sec to 1 min at annealing temperature (Table 1) and 30 sec to 1 min at 72°C.
Blank reactions (all constituents present but template DNA) were included in each PCR to detect

sample contamination.
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DNA was electrophoresed on a 6% denaturing polyacrylamide gel and PCR products
were scored relative to a known size standard on a LI-COR DNA Analyzer Global Edition IR2
and a LI-COR DNA Sequencer Long Reader 4200 using V4.03 Gene ImagIR software
(Scanalytics, Inc., Fairfax, Virgina). An individual fish with known allele sizes was included on
every gel and a second gel reader proofed allele sizes to insure accuracy and consistency of
scoring across gels. Individuals representing 10% of genotyped fish were reamplified and scored
a second time. Comparison of initial and repeated scores revealed a genotyping error rate of less

than 2%.

2.3.3 Statistical analysis

Genetic population structure

Departures from Hardy-Weinberg proportions (Guo and Thompson 1992) and heterogeneity of
allele frequencies were tested using GENEPOP version 3.2 (Raymond and Rousset 1995). Tests
of significance were combined over all loci using Fisher’s combined probability test (Sokal and
Rohlf 1981). The proportion of genetic variation due to population subdivision was estimated as
Fsrand computed in FSTAT, version 1.2 (Goudet 1995) according to Weir and Cockerham
(1984). Principal component analysis was performed using the covariance matrix of allele
frequencies in MINITAB, version 11 (State College, PA) after omitting the largest allele at each
locus to allow for the non-independence of allele frequencies within a locus (Johnson 1998).

Sequential Bonferroni adjustments were made for all multiple comparisons (Rice 1989).

Bottleneck effects

Recently bottlenecked populations may exhibit gametic disequilibrium (non-random association
of alleles at different loci; Waples 1991; 2002), reduced allelic diversity, loss of rare alleles
(Allendorf 1986), a mode shift in allele frequency distributions (Luikart ez al. 1998), increased

heterozygosity relative to that expected at mutation-drift equilibrium (Maruyama and Fuerst
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1985; Cornuet and Luikart 1996; Luikart and Cornuet 1998), and a reduced value for the statistic
M (Garza and Williamson 2001). Therefore we tested for the presence of bottleneck effects with
a suite of measures.

Gametic disequilibrium was assessed for all pair-wise locus comparisons within each
population using a Fisher exact test in GENEPOP version 3.2 (Raymond and Rousset 1995).
Number of alleles observed in a population is highly dependent on sample size. Therefore, allelic
diversity was assessed as allelic richness, which is a measure of the number of alleles per
population corrected for sample size (El Mousadik and Petit 1996). Allelic richness was
calculated and compared among major population groups in FSTAT version 1.2 (Goudet 1995).
Mode shifts in allele frequencies within populations were assessed graphically (Luikart et al.
1998). Heterozygosity excess relative to a non-bottlenecked population in mutation-drift
equilibrium having the same number of alleles was tested in BOTTLENECK, version 1.2.02
(Cornuet and Luikart 1996). We assume an infinite alleles model of mutation (IAM) for this
analysis though microsatellites are expected to conform more closely to a stepwise mutation
model (Shriver ef al. 1993). In the present context, the use of the IAM is equal to the assumption
that the sampled Iliamna populations are not bottlenecked because their observed heterozygosity
closely matches that expected at mutation-drift equilibrium under the IAM (Cornuet and Luikart
1996). Significance of heterozygosity excess over all loci was assessed with a Wilcoxon sign-
rank test (Cornuet and Luikart 1996; Luikart and Cornuet 1998).

The statistic M was calculated according to Garza and Williamson (2001). Three of the
eleven loci surveyed were not included in this analysis (Oki-1, Onel05, Ots107) because their
allelic distributions did not meet the test requirement of having rare alleles or empty allelic states
within the range of common alleles (>0.1 frequency). Significance was assessed by comparison
of mean M across loci, for each population with both a critical value (M) and the more
conservative rule that M<0.68 suggests a bottleneck effect (Garza and Williamson 2001).

Because M is simply the ratio of the number (k) to the size range (r) of microsatellite alleles, its
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value does not rely on any mutation model or population size assumptions. However, the critical
value M was calculated with the assumption of large pre-bottleneck population size (Ne =
5,000), a constant microsatellite mutation rate (1= 5x 10™*/locus/generation), and a two-phase
mutation model where 90% of mutations are a single step and the average size of all other
mutations is 3.5 repeats. Assuming an N, to N ratio of 0.2 (Allendorf et al. 1997; Reiman and
Allendorf 2001) and a generation interval of 4 years, the pre-bottleneck effective population size
of 5,000 translates to 6,250 spawning fish observed per year. While this value seems high, it
results in a conservative test because the value of M is negatively related to the pre-bottleneck N,
and plateaus above an N, of 5,000. Thus, a large pre-bottleneck N, of 5,000 suggests fewer
bottleneck effects than a lower N, and larger values of N, would not change the qualitative results
of this analysis. Both the mean M and mean proportion of rare alleles (frequency <0.1) were
compared among major population groups with a one tailed, nonparametric Mann-Whitney test
(Zar 1984). Comparisons of allelic richness between Sucker Bay Lake (treating each of two
sampling years as a population) and major population groups were made in FSTAT version 1.2

(Goudet 1995).

Factors shaping genetic population structure

Correlation between pair-wise genetic population divergence (Fsr) and spawning habitat type,
geographic distance, difference in spawning time, and difference in allelic richness among
populations was assessed by simple and partial Mantel tests in FSTAT version 1.2 (Goudet 1995)
according to Manly (1991). Four predictor variable matrices were defined 1) spawning habitat
type (HAB), 2) geographic distance (GEODIST), 3) spawning time (SPTIME), and 4) allelic
richness (ALLRICH). The spawning habitat matrix coded for populations spawning in similar (0)
and different (1) habitat types (beach or tributary). Geographic distance is the minimum distance
(km) through water among all sampling sites and was assessed in ArcInfo. Spawning time was

estimated as the mean date of peak spawning across survey years and was based on the presence
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of gravid females during sampling. Difference in allelic richness between populations serves as a
measure of genetic bottleneck effects. All variables but habitat type were log transformed after
values of zero were reassigned the smallest pair-wise value detected in all population
comparisons (spawning time=1 day, N=4 comparisons; Fgr= 0.0001, N=8 comparisons). Tests
were conducted among all surveyed populations (Lake Clark, Six-mile Lake, and Lake Iliamna)
and populations within Lake Clark.

A pattern of isolation by distance (IBD, a positive correlation between genetic divergence
and geographic distance) is expected among populations in migration-drift equilibrium but not
among non-equilibrium populations (Slatkin 1993). In the absence of IBD, a consistently low Fgr
among populations suggests that historic gene flow has been the primary factor in shaping
contemporary genetic population structure, while highly variable Fsr values suggests that drift
historically overwhelmed gene flow (Hutchison and Templeton 1999). Thus, the relationship
between pair-wise population Fgr and geographic distance (variables untransformed) was
evaluated for IBD and the relative historical effects of gene flow and genetic drift.

Differences in the number of alleles and heterozygosity can be a source of bias in
estimating Fsr (McDonald 1994; Hedrick 1999). Therefore, we used F 247 to test for a correlation
between genetic divergence and genetic diversity. F2qrtreats all loci as diallelic by using the
frequency of the overall most common allele and pooling all others (McDonald 1994; Allendorf

and Seeb 2000).

2.4 Results

All loci were polymorphic in all samples. The total number of alleles per locus ranged from 5 to
21, and the mean number of alleles per population and locus ranged from 3.0 to 10.9 (Table 1).
Mean expected heterozygosity ranged from 0.452 to 0.518, and mean number of alleles ranged

from 4.3 to 7.1 (Table 2) per population over all loci. There was no evidence of deviation from
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Hardy-Weinberg proportions at any locus, in any sample. No significant inter-annual difference
in allele frequencies (P>0.05) existed so samples collected from the same population in different
years were pooled for further analysis. Significant gametic disequilibrium (P<0.05) was detected
in only 4 of 825 pairwise comparisons among eleven loci after sequential Bonferroni correction
within populations. There was no consistent tendency toward gametic disequilibrium between

any loci or within any population.

2.4.1 Genetic divergence among all populations

There were significant differences in allele frequencies in 96 of 105 pair-wise population
comparisons (Table 3). Estimates of Fsr ranged from 0 to 0.089 and were greatest between Lake
Clark and Lake Iliamna populations. Six-mile Lake and Lake Iliamna populations are genetically
similar though Six-mile Lake and Lake Clark populations have historically been grouped for
management purposes and are geographically proximate. The Sucker Bay Lake population is
highly divergent from all other populations surveyed. Hereafter we refer to two major population
groups: the Six-mile Lake group (populations of Six-mile Lake and Lake [liamna) and the Lake
Clark group (all populations within Lake Clark but Sucker Bay Lake).

Principal component analysis supports this pattern (Figure 2). The first principal
component explains 57% of the total genetic variation and differentiates among the Lake Clark
group, Sucker Bay Lake, and the Six-mile Lake group. Loadings suggest this component is
primarily influenced by allele frequency differences at four loci (Omy325: alleles 152, 156;
Onepl8: 181,171; Onepu21: 140; Omy77: 105, 109). The second principal component explains
16% of the total genetic variation, further differentiates the Sucker Bay Lake population, and
differentiates between populations of Six-mile Lake and Lake Iliamna. The second principal
component is influenced primarily by allele frequency differences at four loci (uSaz60: 118, 130;
Onew21: 130,140; Oneul 3: 168; Omy77: 105). Lake Clark group populations had a pair-wise Fsr

of 0.060 (95% C1 0.021 — 0.111) with Sucker Bay Lake and 0.054 (95% CI 0.023 — 0.086) with
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the Six-mile Lake group. Between Sucker Bay Lake and populations of the Six-mile Lake group,

Fgrwas 0.049 (95% CI10.018 — 0.082).

2.4.2 Genetic divergence within the Lake Clark group

There was significant genetic structuring within the Lake Clark group though many populations
are genetically very similar (Table 3, Figure 3). There was no difference in allele frequencies
between the two Kijik Lake populations sampled (Little Kijik River, Kijik Lake South Beach)
and many of the greatest pair-wise Fyr values within the Lake Clark group were between Kijik
Lake and other populations (range from 0.008 to 0.024, Table 3). Priest Rock Creek differed in
allele frequencies from all other populations sampled (Table 3). This pattern of divergence
within Lake Clark is supported by principal component analysis (Figure 3). The first principal
component explains 44% of the genetic variation within Lake Clark and separates the Kijik Lake
populations from all others. Component loadings suggests differences in allele frequencies at
seven loci (Okil-1: alleles 110, 114; Okil-2:148, 156; Omy325:152; uSat60:118,130; Onep21:
140; Onepl8: 185; Onepl 3: 168). The second principal component explains 19% of the genetic
variation and differentiates the Priest Rock Creek population. Allele frequencies differences at
seven loci are also indicated by second component loadings (Okil-2: 148,156; Omy325: 152;

Oneu?1, 130,140; Onepl8: 181; Onepl 3: 160, Onel05: 132,136; Omy77: 105,109).

2.4.3 Genetic diversity and bottleneck effects

The data suggest a bottleneck among Lake Clark fish relative to fish of the Six-mile Lake group.
We found a total of 92 alleles in the Lake Clark group fish (959 sampled) and 105 alleles in fish
of the Six-mile Lake group (383 sampled), despite our sample sizes greatly favoring finding more
alleles in the Lake Clark populations. Mean allelic richness (number of alleles corrected for
sample size) of the Lake Clark group (5.0) is significantly lower than that of the Six-mile Lake
group (6.0; P<0.01). There was no mode shift in allele frequency distribution in any population

surveyed or population group (Figure 4). However, the mean proportion of rare alleles is
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significantly lower in the Lake Clark (0.58) than Six-mile Lake (0.64) group (U’,4=37, P=0.01)
and eight of ten Lake Clark group populations have a lower proportion of rare alleles than all four
populations of the Six-mile Lake group. Similarly, eight of ten populations in the Lake Clark
group have an excess of heterozygosity relative to that expected at mutation-drift equilibrium
(Figure 5). This effect was not statistically significant within populations (P from 0.12 to 0.68)
but the probability of obtaining this pattern across populations (eight of ten exhibiting
heterozygosity excess) is low (P=0.04) assuming a population is equally likely to exhibit a
heterozygosity excess or deficit. The statistic M suggests bottleneck effects (P<0.05 and M<0.68)
in six populations within Lake Clark and one Six-mile Lake group population (Table 2). The
smallest values were found in the Upper Tlikakila (44=0.595) and Little Lake Clark Beach
(M=0.637) populations of Lake Clark. Currant Creek, Kijik Lake South Beach, and Priest Rock
Creek also showed significant bottleneck effects (M=0.640 to 0.678). Mean M among Lake Clark
group populations (0.680) was reduced relative to populations in the Six-mile Lake group (0.742;
U’104=33, P=0.05).

The most severe bottleneck effect found was in Sucker Bay Lake. The Sucker Bay Lake
sample had less than half the number of alleles found in the Six-mile Lake group (48 versus 105).
Mean allelic richness in Sucker Bay Lake fish (4.2) was lower than that of both the Lake Clark
(5.0, P=0.084) and Six-mile Lake (6.0, P<0.001) groups. The Sucker Bay Lake population did
not exhibit a mode shift in allele frequency distribution but had 37% fewer rare alleles than
populations of the Six-mile Lake group (Figure 4). Heterozygosity excess among Sucker Bay
Lake fish was greater than all other populations surveyed (Figure 5). This effect was present in
eight of eleven surveyed loci and over all loci (0.502) where it was far in excess of that expected
if the population were in mutation-drift equilibrium (0.389; P<0.005). The Sucker Bay Lake

population has the second lowest M of all populations surveyed (M=0.615, P<0.05; Table 2).
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2.4.4 Factors promoting population structure

The data do not support isolation by spawning habitat type (beach versus tributary). There is no
tendency for populations spawning in a given habitat type to be genetically more similar to one
another than to populations spawning in a different habitat type (Table 4). This result held across
all surveyed populations (Lake Clark, Six-mile Lake, Lake Iliamna, P=0.97) and among Lake
Clark populations both when Sucker Bay Lake is included (P=0.72) and when it is excluded
(Lake Clark group, P=0.85).

Geographic distance and genetic divergence are significantly correlated among all
surveyed populations (P<0.01) but not among Lake Clark populations (P=0.45; Table 4; Figure
6). Partial Mantel tests reveal that the effect of geographic distance on genetic divergence among
all populations is insignificant. Geographic distance is correlated with both spawning time
(P<0.01) and allelic richness (P<0.001) among all populations. After removal of spawning time
effects (»=0.505, P<0.001), the addition of geographic distance was not significant (+=0.124,
P=0.21). Similarly, geographic distance was not significantly correlated with genetic divergence
(r=0.072, P=0.47) after removal of the effect of allelic richness (=0.515, P<0.001). The
proportion of variation in Fgr explained by a model including spawning time and allelic richness
is not increased with the addition of geographic distance (R* = 0.41 with and without GEODIST).
Thus, geographic distance does not explain the variation in Fsy among all populations itself but is
correlated with variables that are significantly correlated with genetic divergence (SPTIME and
ALLRICH).

Among all populations surveyed, both spawning time and allelic richness are
significantly correlated with Fsr (SPTIME and ALLRICH: P<0.001) and with each other
(P<0.01). Each of the two variables explains a significant amount of the variation in pair-wise
Fgr after the effects of the other variable are removed (Table 4) and the best model includes only
these two variables (R” = 0.41). Spawning time and allelic richness have similar magnitude of

effect as evidenced by their nearly equal correlation coefficients both before (SPTIME: r=0.505;
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ALLRICH: »=0.515) and after the removal of the effects of the other variable (SPTIME corrected
for ALLRICH: =0.375; ALLRICH corrected for SPTIME: »=0.389; Table 4).

Spawning time and allelic richness explain a significant amount of the variation in
genetic divergence among Lake Clark populations as well. Firis significantly correlated with
spawning time (P<0.01) and marginally correlated with allelic richness (P=0.08) while the two
factors (SPTIME, ALLRICH) are independent of each other (P=0.62). The correlation
coefficient of spawning time is consistently higher than that of allelic richness (Table 4). Further,
the smaller reduction in the correlation coefficient of spawning time (before correction for
ALLRICH: »=0.409; after: 7=0.393) post removal of the effect of allelic richness suggests it is
more closely correlated with Fgrthan allelic richness (before correction for SPTIME: r=0.247;
after: =0.218; Table 4). However, the amount of variation in Fsr among Lake Clark populations
explained by spawning time (R’=0.17) is increased with the addition of allelic richness to the
model (R’=0.22) and there is a strong correlation between the allelic richness of a population and
its mean divergence from all other populations as measured by F2sr (F9=10.43; P=0.01; Figure
7). Thus, allelic richness is also highly associated with genetic population structure of Lake Clark
sockeye salmon.

Much of the correlation among spawning time, allelic richness, and Fsr among Lake
Clark sockeye salmon can be attributed to Sucker Bay Lake. Neither spawning time (=0.172,
P=0.24) nor allelic richness (7=-0.087, P=0.58) explains a significant amount of variation in pair-
wise population Fgr within Lake Clark when Sucker Bay Lake is excluded (Lake Clark group).
The trend for a negative correlation between allelic richness and mean F 2y per population is still
evident but not statistically significant when Sucker Bay Lake is excluded (£, s=3.31, P=0.11;
Figure 7).

The lack of IBD suggests non-equilibrium conditions among Lake Clark, Six-mile Lake,
and Lake Iliamna populations of sockeye salmon (Table 4, Figure 6). Fris highly variable both

among all populations surveyed (0 to 0.089) and among Lake Clark populations (0 to 0.077)
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suggesting that historical drift has been a powerful force in shaping the genetic population
structure of these populations. Much of the variation in Fsy among Lake Clark populations is due
to Sucker Bay Lake and Fsr among Lake Clark populations is consistently low (0 to 0.024) when
this population is excluded. This pattern suggests that gene flow has historically dominated drift
among most Lake Clark populations but that drift has driven the divergence between Lake Clark

populations and those of Sucker Bay Lake, Six-mile Lake and Lake Iliamna.

2.5 Discussion

2.5.1 Reproductive isolation and genetic population structure

Six-mile Lake populations (Lake Clark Outlet, Tazimina River) are more similar genetically to
Lake Iliamna than Lake Clark populations. The genetic similarity among fish spawning in Six-
mile Lake and Lake Iliamna is surprising because Six-mile Lake is closer to Lake Clark than to
Lake Iliamna and has therefore historically been grouped with Lake Clark for management
purposes. In addition, the Newhalen River (~39 km long) between Six-mile Lake and Lake
Iliamna is a barrier to fish migration at high water velocities (Poe and Mathisen 1981; 1982).
However, no current or recent barrier to fish migration between Lake Clark and Six-mile Lake is
known. Satellite imagery documents the presence of a major outwash fan from the Tazimina
Valley (Personal communication, Dr. Patricia Heiser, University of Alaska, Anchorage) that
could have blocked fish entry to Lake Clark in the past. A barrier of this kind could have caused
either isolation between sockeye salmon already present in Lake Clark and Six-mile Lake or
delayed colonization of Lake Clark by sockeye salmon.

Reproductive isolation and genetic divergence among population of Lake Clark, Six-mile
Lake, and Lake Iliamna sockeye salmon are likely not driven by differences in spawning habitat
type or geographic distance. Differences in spawning time, however, are highly correlated with

genetic divergence among populations. There is little difference in peak spawning time among
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populations of Sucker Bay Lake (~ August 30), Six-mile Lake (August 25 to September 13), and
Lake Iliamna (August 20 to 30). However, mean peak spawning time in populations of the Lake
Clark group (September 18 to October 11) varies from other populations by one (Kijik system) to
four weeks (Hatchet Point Beach, Priest Rock Creek, Little Lake Clark Beach, Lower Tlikakila
River). Therefore, temporal isolation contributes to the genetic divergence between the Lake
Clark group and other populations but cannot explain the high level of genetic divergence
between Sucker Bay Lake and the Six-mile Lake group.

There is significant genetic population structure within the Lake Clark group (all
populations spawning within Lake Clark but Sucker Bay Lake) though many populations are
genetically similar. Fish spawning in Kijik Lake (South Beach and the outlet Little Kijik River)
do not differ from one another in allele frequencies but are significantly differentiated from all
other populations of the Lake Clark group. Priest Rock Creek fish are also highly differentiated
from all other Lake Clark populations. Within the Lake Clark group, pair-wise population
genetic divergence is not correlated with differences in spawning habitat, geographic distance
between populations, or differences in spawning time. Thus, the pattern of genetic population
structuring among sockeye salmon of the Lake Clark group is not one of simple ecological,

geographic, or temporal isolation.

2.5.2 Bottleneck effects and genetic population structure

Evidence for genetic bottleneck effects

The data suggest a bottleneck effect in Lake Clark sockeye salmon relative to Six-mile Lake and
Lake Iliamna. The prevalence of a reduced proportion of rare alleles (9 of 11 populations),
heterozygosity excess (9 of 11 populations, statistically insignificant except in Sucker Bay Lake),
and reduced M (7 of 11 populations) among populations within Lake Clark relative to the Six-
mile Lake group suggest a bottleneck event that reduced the genetic diversity of Lake Clark

sockeye salmon over all. The most extreme bottleneck signal was found in the Sucker Bay Lake
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population of Lake Clark. The strong genetic divergence among most Lake Clark populations,
the Sucker Bay Lake population, and populations spawning in Six-mile Lake and Lake Iliamna
also suggest significant bottleneck effects.

Genetic drift changes allele frequencies and decreases genetic variation within
populations. Therefore, if bottleneck effects have influenced the genetic population structure of
Lake Clark sockeye salmon, we would expect a negative correlation between genetic divergence
among and genetic variation within populations. We found a negative correlation between mean
genetic divergence (F£2s7) and mean allelic richness among Lake Clark populations. Further,
there is a significant, positive correlation between pair-wise Fsr and difference in mean allelic
richness among both all populations surveyed and Lake Clark populations suggesting that
difference in allelic diversity is couple with degree of genetic divergence between populations.
Taken together, these results suggests that genetic population structure among sockeye salmon of
Lake Clark, Six-mile Lake, and Lake Iliamna has been significantly influenced by genetic drift

that is likely due to bottleneck effects.

Are the bottleneck effects also founder effects?

It is important to identify populations that have undergone recent and acute bottlenecks (within
the past 100 generations, <20 Ne) because they may be affected by problems due to small
population size (demographic stochasticity, inbreeding, fixation of deleterious alleles, reduced
evolutionary potential, increased probability of extinction) and may respond to mitigative
management (Cornuet and Luikart 1996; Luikart et al. 1998). Gametic disequilibrium, allele
frequency distribution mode shifts, and heterozygosity excess are highly transient effects and
only expected in populations that have experienced recent and acute genetic bottlenecks (Waples
1991; Cornuet and Luikart 1996; Luikart et al. 1998; Luikart and Cornuet 1998). In contrast,

reduced allelic richness and possibly reduced M will persist much longer and may be present in
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populations that experienced bottlenecks in the more distant past (age>100 generations; Garza
and Williamson 2001; Spong and Hellborg 2002).

Bottleneck effects within Lake Clark could be due to several factors including recent
declines in the number of sockeye salmon returning to the Kvichak system, an historic and
cyclical pattern of low returns (Regnart 1998; Faire 2000), a velocity barrier at the Newhalen
River (Poe and Mathisen 1981; 1982), reduction in spawning habitat of established populations,
and colonization of newly created habitats by a few individuals (founder effects). Recent
reductions in numbers of spawning fish are an unlikely cause of these bottlenecks because
typically 5 to 10 generations must pass before these measures are effective (Luikart ef al. 1998;
Storz et al. 2002) and recent declines have only occurred since 1999 (Faire 2000), a single
generation of sockeye salmon. Cyclic reductions in the numbers of spawners and the sporadic
presence of a velocity barrier to fish passage at the Newhalen River are also unlikely causes of
these bottlenecks because these events are typically short lived and are not known to have
persisted for even a single generation of sockeye salmon (4 to 5 years). It is similarly unlikely
that reductions in spawning habitat caused these bottlenecks because known habitat loss and
disturbance within the system is not as widespread as the bottleneck signals and there is only
weak evidence of bottleneck effects in populations known to be affected by recent habitat loss
(e.g., Priest Rock Creek). The presence of both significantly reduced allelic richness and M in
most Lake Clark populations suggests the putative bottleneck occurred within the last 100 to 400
sockeye salmon generations (~400 to 1400 years for Lake Clark sockeye salmon) depending on
the demographic recovery of the population (Garza and Williamson 2001). The prevalence of
reduced allelic richness (the longest lasting effect) but lack of consistent significant effects for the
most transient bottleneck measures (gametic disequilibrium, allele frequency distribution mode
shifts, heterozygosity excess) suggests older bottleneck effects, perhaps associated with the

colonization of Lake Clark after the last ice age.

26



The lack of isolation by distance and the high variability of Fsr over geographic distance
also support a strong, historical effect of genetic drift among these populations. For all Lake
Clark populations but Sucker Bay Lake, historical gene flow predominates suggesting that the
genetic similarity found among most Lake Clark sockeye salmon is due to a common founding
event. This historical pattern may persist today because high contemporary gene flow resists its
erosion by drift. For example, high gene flow among most Lake Clark populations but restricted
gene flow due to differences in spawning time between these and populations of Sucker Bay
Lake, Six-mile Lake, and Lake Iliamna would help maintain this pattern. This historical pattern
may also persist because insufficient time has elapse since colonization to reach equilibrium. The
rate of approach to migration-drift equilibrium depends on Ne or the inverse of migration rate
(1/m), whichever is greater (Slatkin 1994). Following a founder event, reaching equilibrium can

take tens to hundreds of generations (Crow and Aoki 1984; Waples 1998, Kinnison et al. 2002).

Why does the bottleneck signal intensity vary among Lake Clark sockeye salmon populations?
The differences in magnitude of bottleneck signals may reflect differences in state of recovery of
genetic variation or age of the bottlenecks. Once genetic variation is reduced in a population, it
can only be regained by mutation or immigration. The number of migrants exchanged among
populations, and the difference in allele frequencies between immigrants and the population
receiving them will have a strong effect on the rate of recovery of populations (Cornuet and
Luikart 1996; Waples 2002). Populations within Lake Clark that have weaker bottleneck signals
may receive greater numbers of genetically diverse immigrants and/or may have been established
longer allowing more time for mutation to restore genetic diversity. Conversely, Lake Clark
populations exhibiting strong bottleneck signals (e.g. Sucker Bay Lake) may be highly isolated or
recently founded. A founder effect associated with Lake Clark need not apply to all populations
within the basin equally. Time since colonization likely varies among Lake Clark populations

due to the slow retreat of glaciers and creation of spawning habitat at the northeast end of the
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system. Thus, populations at the northeast end of Lake Clark that exhibit strong bottleneck
signals (Upper Tlikakila River, Little Lake Clark Beach) may have been more recently founded
than other Lake Clark sockeye salmon populations. For example, receding glaciers uncovered the
Upper Tlikakila River within the last 200 years (unpublished data, Patricia Heiser, University of
Alaska, Anchorage). The most transient of bottleneck signals may not be found in these
populations because some recovery has already occurred or because the signals were never
generated. The latter might be expected with a bottleneck among individuals that have already

experienced a previous bottleneck from the colonization of Lake Clark.

2.5.3 Implications and conclusions

Genetic population structure is often interpreted with the assumption of equilibrium without
consideration for bottleneck or founder events. Here we provide an empirical example of the
influence of founder effects, both historical and ongoing, on contemporary genetic population
structure of Lake Clark sockeye salmon. Non-equilibrium conditions and strong historical drift
among these populations has implications both for management of these fish and our
understanding of the genetic and phenotypic variation among sockeye salmon populations.

The detection of a common bottleneck effect among Lake Clark sockeye salmon will
affect the interpretation of studies of selection and phenotypic variation among populations of
Lake Clark sockeye salmon (Gould and Lewontin 1979, Adkison 1995). For example,
phenotypic divergence between Six-mile Lake and Lake Clark sockeye salmon may be due to
colonization by phenotypically different founders rather than divergent selection since
colonization. In contrast, phenotypic divergence among most Lake Clark populations would
require divergent selection since their common founding.

The divergence between sockeye salmon in Lake Clark and those in Six-mile Lake and
Lake Iliamna will allow fishery managers to identify Lake Clark fish in the Bristol Bay mixed

stock fishery. For this application, it does not matter why populations differ, only that they differ
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enough to allow assignment of individuals to their lake of origin with confidence. The lack of
migration-drift equilibrium among these populations suggests that observed genetic divergence
does not reflect current levels of gene flow but rather reflects ancestral association of the
founders. Estimates of gene flow among most Lake Clark populations based on Fgr will be
overestimates because much of the genetic similarity among populations is due to common
ancestry. For example, where Fsris low (e.g. 0.01), we would estimate high gene flow (Nm~25
migrants per population, per generation) when in fact the populations may exchange few
individuals and have large effective population sizes that maintain similar allele frequencies since
a common founding event. In contrast, the higher divergence observed among some populations
(e.g. Fsr=0.8) will underestimate contemporary gene flow (Nm~3 migrants per population, per
generation) between populations that are exchanging individuals since a recent founding by
colonizers with different allele frequencies.

The magnitude of genetic differentiation among spawning populations of Lake Clark
sockeye salmon is larger than that typically found among populations within the same lake
(Wood 1995). The reduced allelic diversity and strong divergence of most Lake Clark
populations relative to populations of Six-mile Lake and Lake [liamna suggest a bottleneck
associated with the colonization of Lake Clark by sockeye salmon. The greatest bottleneck effect
detected and the most genetically distinct population was Sucker Bay Lake in Lake Clark. There
is also significant genetic divergence between populations of Lake Clark and Six-mile Lake, the
latter being more similar to fish of Lake Iliamna. Isolation by distance and differences in
spawning habitat type apparently do not contribute to isolation and divergence among major
population groups. However, temporal isolation based on spawning time and reduced allelic
diversity due to bottleneck effects are closely correlated with the pattern of genetic population
structure of Lake Clark sockeye salmon. The correlation between differences in genetic variation
(allelic richness) and genetic divergence between populations suggests that founder effects have

deeply affected the genetic population structure of Lake Clark sockeye salmon. The lack of
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correlation between genetic divergence and geographic distance among populations further
suggests these populations are not at migration-drift equilibrium and patterns of population
divergence are to due to historical events. Non-equilibrium conditions and the strong influence of
genetic drift caution against using estimates of genetic divergence to estimate gene flow among

populations of Lake Clark sockeye salmon.
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Table 2-4 Results of Mantel tests between genetic divergence (pair-wise Fsr) and spawning

habitat (HAB), geographic distance (GEODIST), difference in spawning time (SPTIME), and

difference in mean allelic richness (ALLRICH) among Lake Clark, Six-mile Lake, and Lake

Iliamna sockeye salmon. Controlled variable in partial Mantel tests in parentheses, * indicates

significance at P<0.05.

All populations Lake Clark populations

Test r P r P

HAB -0.003 0.97 0.049 0.72
GEODIST 0.263* <0.01 -0.106 0.45
SPTIME 0.505* <0.001 0.409* <0.01
ALLRICH 0.515* <0.001 0.247 0.08
SPTIME (ALLRICH) 0.375* <0.001 0.393* <0.01
ALLRICH (SPTIME) 0.389* <0.001 0.218 0.11
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Figure 2-1 Map of Lake Clark, Six-mile Lake, and Lake Iliamna with sample sites shown. Refer

to Table 2 for population numbers.

Figure 2-2 Principal component analysis of allele frequencies at 11 microsatellite loci. Points
represent populations from Lake Clark (black), Six-mile Lake (gray), or Lake Iliamna (white).
Percentages in parentheses indicate amount of variation explained by each principal component.

Refer to Table 2 for population numbers.

Figure 2-3 Principal component analysis of Lake Clark sockeye salmon (excluding Sucker Bay
Lake) allele frequencies at 11 microsatellite loci. Highly divergent populations of Kijik Lake and
Priest Rock Creek are identified. Percentages in parentheses indicate amount of variation

explained by each principal component. Refer to Table 2 for population numbers.

Figure 2-4 Allele frequency distributions of Six-mile Lake, Lake Clark, and Sucker Bay Lake
sockeye salmon. The far left bar of each plot indicates the proportion of rare alleles (frequency

less than 0.1).

Figure 2-5 Relationship between mean expected heterozygosity (Hg) observed and expected at
mutation-drift equilibrium under the Infinite Alleles Model of mutation (IAM) for Lake Clark,
Six-mile Lake, and Lake Iliamna sockeye salmon populations. Recently bottlenecked
populations have greater heterozygosity (Hg) than expected at migration-drift equilibrium due to
the loss of rare alleles. Non-bottleneck populations have an Hg that is equal to or less than that
expected under IAM (on or below equality line). Points represent populations from Lake Clark

(black), Six-mile Lake (gray), or Lake Iliamna (white). Refer to Table 2 for population numbers.

Figure 2-6 Plot of Fgr against geographial distance among Lake Clark (A), Six-mile Lake (0),

and Lake Iliamna sockeye salmon populations (0).
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Figure 2-7 Plot of mean F2sr between and mean allelic richness within spawning populations of
Lake Clark sockeye salmon (all Lake Clark populations: P=0.01; excluding Sucker Bay Lake:

P=0.11).
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Figure 2-4
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Chapter 3 — Concordance of nuclear and mitochondrial DNA markers

in detecting a founder event in Lake Clark sockeye salmon

3.1 Abstract

Genetic bottleneck effects can reduce genetic variation, persistence probability, and evolutionary
potential of populations. Previous microsatellite analysis suggested a bottleneck associated with
a common founding of sockeye salmon populations of Lake Clark, Alaska. The common
founding event resulted in reduced allelic diversity and strong divergence of Lake Clark sockeye
salmon relative to neighboring Six-mile Lake and Lake Iliamna populations. Here we use two
additional genetic marker types (allozymes and mtDNA) to examine these patterns further.
Allozyme and mtDNA results were congruent with the microsatellite data in suggesting a
common founder event in Lake Clark sockeye salmon and confirmed the divergence of Lake
Clark populations from neighboring Six-mile Lake and Lake Iliamna populations. The use of
multiple marker types provided better understanding of the bottleneck in Lake Clark. For
example, the Sucker Bay Lake population had an exceptionally severe reduction in allelic
diversity at microsatellite loci but not at mtDNA. This suggests that the reduced microsatellite
variation in Sucker Bay Lake fish is due to consistently smaller effective population size than
other Lake Clark populations, rather than a more acute or additional bottleneck since founding.
Caution is urged in using reduced heterozygosity as a measure of genetic bottleneck effects
because stochastic variance among loci resulted in an overall increase in allozyme heterozygosity
within bottlenecked Lake Clark populations. However, heterozygosity excess, which assesses
heterozygosity relative to allelic variation, detected genetic bottleneck effects in both allozyme

and microsatellite loci.
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3.2 Introduction

A genetic bottleneck occurs when a population experiences a temporary severe reduction in
effective population size (N,; Avise 1994). Reduced N, promotes loss of genetic variation due to
genetic drift (random changes in allele frequencies as a result of imperfect sampling of alleles
between generations) and an increase in genetic divergence between bottlenecked populations
and those at mutation-drift equilibrium (non-bottlenecked). Founder effects are genetic
bottleneck effects that are associated with the founding of a new population.

It is important to identify populations that have experienced acute bottleneck effects
(e.g., <20 N,) because their low genetic variation may result in reduced evolutionary potential and
probability of persistence (Luikart et al. 1998; Soulé and Mills 1998; Briskie and Mackintosh
2004). Similarly, it is important to differentiate between populations that experienced ancient
bottlenecks and those that had more recent bottlenecks (e.g., within the past 100 generations),
because the latter may also be experiencing problems due to small population size (demographic
stochasticity, inbreeding, fixation of deleterious alleles) and may respond to mitigative
management (Cornuet and Luikart 1996; Luikart et al. 1998). The two scenarios are not mutually
exclusive. For example, populations that experienced bottleneck events in the distant past may
continue to lose genetic variation over time due to low N, and lack of genetically diverse
immigrants (Crow and Aoki 1984; Slatkin 1994).

A suite of statistical tests is available to identify genetic signals of bottlenecked
populations. These include tests for reduced allelic diversity in general, loss of rare alleles in
particular (Allendorf 1986; Luikart et al. 1998), and heterozygosity excess (Maruyama and Fuerst
1985; Cornuet and Luikart 1996; Luikart and Cornuet 1998). Multiple genetic markers, including
microsatellites, allozymes, and mitochondrial DNA (mtDNA), may be similarly tested to
effectively detect genetic bottleneck effects.

Microsatellites are sensitive to recent bottleneck effects because they have large numbers

of alleles as a result of high mutation rates (Weber and Wong 1993; Ellegren 2000). Rare alleles

45



(frequency <0.01) tend to be abundant at microsatellite loci, and a reduction in their proportion
relative to higher frequency alleles is a sensitive indicator of genetic bottleneck effects.

Allozymes generally have fewer alleles than microsatellites because of their lower
mutation rates (Nei 1987). This lack of allelic diversity suggests allozyme loci will be less
sensitive to bottleneck effects. However, rare alleles are expected to be more abundant than
alleles of intermediate frequency at neutral loci regardless of the mutation rate or model (Nei et
al. 1976) and natural populations typically exhibit an abundance of rare allozyme alleles
(Chakraborty et al. 1980; Luikart et al. 1998). In a survey of natural populations, allozyme loci
successfully identified bottlenecked populations but with a lower success rate than microsatellites
(Luikart et al. 1998).

Mitochondrial DNA generally has one quarter the effective population size of nuclear
DNA (nDNA; e.g., microsatellite and allozyme loci) because is it haploid and maternally
inherited (Nei and Tajima 1981; Birky et al. 1983). Thus, genetic drift is amplified at mtDNA
relative to nDNA resulting in greater loss of mtDNA variation during a bottleneck, greater
divergence between bottlenecked and non-bottlenecked populations, and slower recovery of
genetic variation following a bottleneck than nDNA. Patterns of mtDNA variation also contain
information about sex-biased dispersal and immigration because mtDNA is maternally inherited.
For example, many studies have interpreted strong mtDNA divergence and little or no nDNA
divergence among populations as evidence of male mediated gene flow and female philopatry
(Palumbi and Baker 1994; Pope et al. 2000; Waits et al. 2000; Tiedemann et al. 2004).

Microsatellites, allozymes, and mtDNA, therefore, all contain information about the
bottleneck history and genetic structure of populations. However, the nature of this information
differs among the three marker types and comparing bottleneck signals in mtDNA and nDNA can
provide information on the duration and timing of bottleneck events (Wilson et al. 1985; Birky
1991). For example, a population that experienced an acute, brief bottleneck in the distant past

may presently exhibit little or no reduction in nDNA variation but significantly reduced mtDNA
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variation. Similarly, a population that experienced a prolonged bottleneck effect will exhibit a
significant reduction in both nDNA and mtDNA variation because of the continued loss of nDNA
variation at the rate of 1/2N, per generation.

In this study, we use all three marker types to provide a comprehensive picture of genetic
bottleneck effects and population structure of sockeye salmon (Oncorhynchus nerka) populations
of Lake Clark, Alaska (Figure 1). Lake Clark sockeye salmon comprise one to 75% of the annual
return to the Kvichak River watershed, the largest sockeye salmon spawning and rearing system
in the world (Rogers et al. 1999; Woody 2004). The Kvichak system was historically the largest
contributor of sockeye salmon to the Bristol Bay fishery, valued at up to US$350 million (Fair
2003; Link et al. 2003). However, Kvichak River sockeye salmon are now listed as a “stock of
management concern” by the Alaska Department of Fish and Game due to a chronic inability to
meet minimum escapement goals over the last 10 years (Westing et al. 2005). Lake Clark
sockeye salmon also support subsistence and recreational fisheries and provide critical marine
derived nutrients to the Lake Clark ecosystem, the centerpiece of Lake Clark National Park and
Preserve (Kline et al. 1993; Willson and Halupka 1995).

A previous study (Ramstad et al. 2004) based on microsatellite analysis reported a
founder event in Lake Clark sockeye salmon. Spawning populations of Lake Clark sockeye
salmon exhibited reduced genetic variation and strong genetic divergence from populations of
neighboring Six-mile Lake and Lake Iliamna (Figure 1). The Sucker Bay Lake population of
Lake Clark exhibited the most extreme bottleneck signal with lower allelic richness (4: 4.2) and
proportion of rare alleles (0.45) than all other populations surveyed (4 = 4.6 to 6.5; proportion of
rare alleles = 0.53 to 0.70), and a significant excess of heterozygosity relative to that expected at
mutation-drift equilibrium. In addition, populations in Six-mile Lake were more similar in
diversity and frequency of microsatellite alleles to Lake Iliamna than they were to Lake Clark

populations. This result is surprising because Six-mile Lake is geographically proximate to Lake
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Clark and separated from Lake Iliamna by the Newhalen River (~39 km in length) which is a
barrier to salmon migration at high water velocities (Poe and Mathisen 1982).

Given the economic, ecologic, and cultural importance of Lake Clark sockeye salmon, it
is important to verify the reduced genetic variation detected by microsatellite analysis. Testing
this pattern with additional markers may also provide insight into the nature and timing of
bottleneck events in Lake Clark sockeye salmon and determine if mitigative management is
warranted to conserve recently bottlenecked populations.

In this study, we use two additional genetic markers (allozymes and mtDNA) to further
examine patterns of genetic bottleneck effects and population structure in Lake Clark sockeye
salmon. We address three specific questions. (1) Do allozyme and mtDNA data suggest the
same pattern of founder effects as microsatellites in Lake Clark sockeye salmon? (2) Is the
reduced genetic variation of Sucker Bay Lake sockeye salmon due to a recent, acute bottleneck
effect or consistently low effective population size? And (3) does the Six-mile Lake population
share similar allozyme allele and mtDNA haplotype frequencies with Lake Iliamna or Lake Clark

populations?

3.3 Methods

3.3.1 Microsatellites

The microsatellite data used here are a subset of those reported in Ramstad et al. (2004). We
drew on these data to provide direct comparisons among marker types in samples of the same
populations and, where possible, individual fish. Samples from the eight populations included in
this study (Figure 1, Table 1) are identical to those in Ramstad et al. (2004). Data from all three
marker types (microsatellites, allozymes, mtDNA) were collected from the same individuals for
the Lower Talarik Creek (TCI), Fuel Dump Island (FDI — also known as Flat Island), Kijik River

(KR), and Upper Tlikakila River (UTLK) populations. Both microsatellite and mtDNA data were
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collected from the same individuals in the Kijik Lake South Beach (KLSB) and Sucker Bay Lake
(SBL) populations while mtDNA and allozyme data were collected from the same fish in the

Tazimina River (TAZ) population.

3.3.2 Allozymes

Heart, muscle, liver, and eye tissues were collected from approximately 100 adult sockeye salmon
captured by seine and tangle net from seven Lake Clark, Six-mile Lake, and Lake Iliamna
spawning sites in 2000 and 2001 (Figure 1, Table 1). Sucker Bay Lake fish were not sacrificed
for tissue samples out of concern for the extremely small size of this population (<500 fish
observed per sampling year) and an inability to insure sampling of only post-spawning fish.
Samples were immediately placed on dry ice and kept frozen (-80°C) until used in allozyme
analysis. The tissue and gel protocols were those of Seeb et al. (2000); allele and locus
nomenclature followed the American Fisheries Society standard (Shaklee et al. 1990).

Six of the 41 allozyme loci surveyed are isoloci (mAH-1,2; sMDH-A1,2; sMDH-B1,2,;
TPI-1,2; G3PDH-1,2; GPI-B1,2) which are duplicate loci that share alleles with identical
electrophoretic mobility (Allendorf and Thorgaard 1984). Individuals possess four alleles at each
isolocus and their genotypes cannot be accurately resolved because it is impossible to assign
observed variation to a particular locus of the pair without extensive experimental matings
(Waples 1988). In this study, every individual had at least two copies of the most frequent allele
at each isolocus. Therefore, we treated isoloci as single, disomic loci that contained all of the
variation observed within each individual, at each isolocus.

Twenty-two monomorphic allozyme loci were excluded from further analysis (s4AT-1,2;
ADA-1; mAH-4; CK-Al;, CK-A2;, FDH; FH; PEPA; G3PDH-1,2; G3PDH-3; G3PDH-4; mIDHP-
1; mIDHP-2; sIDHP-1; LDH-A1; LDH-A2; LDH-B1; LDH-C; PEPB-1; PEPLT; PGDH; sSOD-
1). Of the nineteen loci included in subsequent analyses, ten had a common allele frequency of at

least 0.99 in all populations surveyed (s4A4T-3; sAH; GPI-B1,2; GPI-A; sIDHP-2; sMDH-A1,2,
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sSMDH-B1,2; PEPD-1; TPI-3; TPI-4; Table 2). The common allele at each locus was *100 except
for mAAT-1 and TPI-1,2 where the common allele was *-700 and PGM-1 where a null allele was
most common. Frequencies of the null allele at PGM-1 were estimated by treating the absence of

product as homozygous for the null allele and assuming Hardy-Weinberg proportions (Allendorf

and Seeb 2000).

3.3.3 Mitochondrial DNA

Dorsal fin tissue clips (approximately Smm2) were collected from fish from eight spawning
populations (Figure 1, Table 1) and immediately stored in 100% ethanol. Total genomic DNA
was extracted from fin clips according to Spruell et al. (1999).

Restriction fragment length polymorphism (RFLP) analysis was performed on 23 to 30
fish per population using the ND1/ND2 region of mtDNA. This region was selected because it is
variable and representative of genetic variation patterns found in other regions of sockeye salmon
mtDNA (Churikov et al. 2001; Doiron et al. 2002). The ND1/ND2 region (~2600bp) was
amplified in 35 ul polymerase chain reactions (PCR) using primers given by Carney et al. (1997)
and Gharrett et al. (2001). The reaction mixture contained 10mM Tris-HCI (pH 9.0), 50mM KClI,
0.2mM each dNTP, 2.0mM MgCl,, 0.2uM each primer, and 1.75 units of Taq DNA polymerase
(Fisher Scientific, Fair Lawn, NJ). Amplification was carried out in an MJ Research PTC-200
Peltier thermal cycler with the following PCR profile: 95°C for 2 min followed by 30 cycles of
denaturing at 95°C for 1 min, annealing at 50°C for 1 min, and elongation at 72°C for 3 min;
amplification was completed with a final extension step of 72°C for 3 min.

Amplified product was digested with each of four restriction endonucleases (BstN I,
BstU I, Ban II, Sau96 I; New England BioLabs, Beverly, MA) in separate, 20ul reactions.
Reactions consisted of a 5ul sub sample of the PCR product, 2ul of 10x restriction buffer, and 3
units of restriction enzyme. Digests with BstN I also included 0.2ul of 100X bovine serum

albumin (BSA). Digest reactions were incubated at either 60°C (BstN I, BstU I) or 37°C (Ban II,
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Sau96 I) for three hrs, the latter was inactivated by exposure to 80°C for twenty minutes. Digest
products were electrophoresed on 1.5% agarose gels prepared with SeaKem® LE agarose and
ethidium bromide in 0.5x TBE buffer (pH~8.0; 0.045M Tris, 0.045M Boric acid, and 0.001M
EDTA). Gels were scanned on Hitachi FMBIO® 100 and Hitachi FMBIO® II and band sizes
scored relative to a 100bp DNA ladder size standard (Invitrogen Life Technologies, Carlsbad,
CA) using Hitachi FMBIO® Analysis software V8.0. Blank reactions (all constituents present
but template DNA) and uncut PCR product were included in each gel to detect sample
contamination.

A letter code was assigned to each distinct banding pattern for each enzyme reaction and
these were used in combination (order: BstN [, BstU I, Ban II, Sau96 I) to describe composite
haplotypes as in Churikov et al. (2001; Table 3). Fragments less than 140bp in length could not
be resolved with the methods described above but were diagnostic of only a single banding
pattern (C) of a single enzyme (Sau96 I) previously described by Churikov et al. (2001). This
pattern was identified by the presence of a larger, easily viewed fragment. Thus, we expect that

only novel haplotypes distinguished by bands <140bp would go undetected with this method.

3.3.4 Statistical analysis

Gametic disequilibrium was assessed for all pair-wise locus comparisons within each population
using a Fisher exact test in GENEPOP version 3.3 (Raymond and Rousset 1995a). Gametic
disequilibrium among loci of different marker types was assessed for only a subset of the
populations sampled because data for each marker type was not always collected on the same fish
from each population. Therefore gametic disequilibrium was assessed between microsatellite and
allozyme loci in four populations (all but TAZ, SBL, Little Kijik River - LKR, and KLSB),
between microsatellite loci and mtDNA in six populations (all but TAZ and LKR) and between
allozyme loci and mtDNA in five populations (all but SBL, LKR and KLSB). Departures from

Hardy-Weinberg proportions (Guo and Thompson 1992) and heterogeneity in population allele
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frequencies (Raymond and Rousset 1995b) were tested and pair-wise Fsr (Wright 1951; Weir
and Cockerham 1984) and Ry (Slatkin 1995; Rousset 1996) calculated in GENEPOP version 3.3
(Raymond and Rousset 1995a). Tests of significance were combined over all loci using Fisher’s
combined probability test (Sokal and Rohlf 1981). Heterogeneity in haplotype frequencies was
tested and pair-wise mtDNA Fgr was calculated in ARLEQUIN version 2.000 (Schneider et al.
2000). Principle component analysis (PCA) for allozyme and microsatellite allele and mtDNA
haplotype frequencies was performed using the covariance matrix in MINITAB, version 13 (State
College, PA). One allele at each allozyme and microsatellite locus and the rarest mtDNA
haplotype was omitted from these analyses to allow for the non-independence of allele/haplotype
frequencies within loci (Johnson 1998). Sequential Bonferroni adjustments were made for all
multiple comparisons (Rice 1989).

A suite of tests was used to detect genetic bottleneck effects. Mean heterozygosity (Hg:
heterozygosity expected under Hardy-Weinberg proportions given observed allele frequencies)
for all marker types was calculated as Nei’s gene diversity (Nei 1987) in FSTAT version 1.2
(Goudet 1995). Because the number of alleles detected in a population is highly dependent on
sample size, allelic richness (4: mean number of alleles or haplotypes per population and locus
corrected for sample size) was computed and compared among population groups according to El
Mousadik and Petit (1996) in FSTAT. Mode shift in allele frequency distribution within
populations (lower proportion of rare alleles relative to those with a frequency of 0.2 to 0.3) was
assessed graphically for nuclear markers (Luikart et al. 1998). Difference in proportion of
polymorphic allozyme loci, mean proportions of rare alleles, and Hr within marker types and
among lakes was tested with a one tailed Mann-Whitney U test (H,: lower values among Lake
Clark than Lake Iliamna and Six-mile Lake populations) in MINITAB, version 13 (State College,
PA).

Bottlenecked populations exhibit greater Hrthan expected if the population was at

mutation-drift equilibrium (Hg,: heterozygosity expected given Hardy-Weinberg proportions, the
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observed number of alleles, and a constant population size). This effect can be due to either a
greater reduction in allelic diversity than heterozygosity (allelic deficit) or a random increase in
Hp due to drift (Luikart et al. 1998; Tarr et al. 1998). Heterozygosity excess relative to a non-
bottlenecked population at mutation-drift equilibrium (Hz>Hp,) was assessed in BOTTLENECK,
version 1.2.02 (Cornuet and Luikart 1996) for nuclear markers. This test is performed with the
assumption of the infinite alleles model of mutation (IAM) though microsatellites are expected to
generally conform more closely to a step-wise mutation model (SMM; Shriver et al. 1993) or a
two phase model of mutation (TPM) incorporating aspects of both the IAM and the SMM
(Luikart et al. 1998). The appropriate mutation model can vary among loci of the same marker
type as well (Slatkin 2002). In the present context, the use of the IAM is equal to the assumption
that the sampled Iliamna populations are not bottlenecked because their observed heterozygosity
closely matches that expected at mutation-drift equilibrium under the IAM (Cornuet and Luikart
1996). Significance of heterozygosity excess over all loci was assessed with a Wilcoxon sign-

rank test (Cornuet and Luikart 1996, Luikart and Cornuet 1998).

3.4 Results

3.4.1 Genetic variation within populations

Nineteen of 41 allozyme loci surveyed were polymorphic (2 to 4 alleles each; Table 2) and all
populations were in Hardy-Weinberg proportions at all polymorphic allozyme and microsatellite
loci combined within marker type. Only one locus (PGM?2) in a single population (KLSB)
deviated significantly from Hardy-Weinberg proportions (P<0.05 after sequential Bonferroni
correction).

Five haplotypes were observed in the ND1/ND2 region of mtDNA (Figure 2, Table 3).
Three of these haplotypes were previously described among sockeye salmon by Churikov et al.

(2001; our haplotype A4CA = their haplotypes L and O, ABBA =H, ABBC=G(), while two others
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(ABDC, AAFA) are new. The ABDC and AAFA haplotypes differ from the ABBC and AACA
haplotypes by the presence of an additional Ban II cut site that results in the absence of a 340bp
band and the presence of 190bp and 150bp bands (Figure 2). The A4FA haplotype could also
have been derived from the ABDC haplotype with the gain of three cut sites found among other
haplotypes (Figure 2).

There was no tendency toward gametic disequilibrium between any pair of loci or within
any population. Significant gametic disequilibrium (P<0.05 after sequential Bonferroni
correction across populations) was observed in only 7 of 440 pair-wise microsatellite locus
comparisons and 2 of 252 possible pair-wise allozyme locus comparisons. Significant gametic
disequilibrium was present in 2 of 39 comparisons between mtDNA and allozyme loci and was
not observed between mtDNA and microsatellite loci. Gametic disequilibrium was significant in
7 of 385 possible pair-wise comparisons between microsatellite and allozyme loci. Overall, there
was no evidence for biologically meaningful gametic disequilibrium (significant gametic

disequilibrium in multiple loci within the same population or vice versa).

3.4.2 Genetic bottleneck effects

A lower proportion of polymorphic allozyme loci was observed in Lake Clark populations (0.41)
than Six-mile Lake and Lake I[liamna populations (0.56; P<0.05). Mean allelic richness (4) was
significantly reduced in Lake Clark populations relative to Six-mile Lake and Lake Iliamna
populations for all three marker types (P=0.02; Table 1). Microsatellite H; was not lower among
Lake Clark populations than Six-mile Lake and Lake Iliamna populations (P=0.12). However,
mtDNA Hg was lower among Lake Clark than Six-mile Lake and Lake Iliamna populations
(P=0.02). Allozyme Hy was greater in all Lake Clark populations than all Six-mile Lake and
Lake Iliamna populations (Table 1) and thus negated the need for a formal one-tailed test of the

opposite expectation. These differences persisted when populations were pooled (Table 1).
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In addition, fewer alleles and haplotypes were observed in Lake Clark fish than Six-mile
Lake and Lake Iliamna despite a greater sample size of Lake Clark fish. Only 82 microsatellite
alleles were observed in 496 Lake Clark fish while 102 were observed in 283 Six-mile Lake and
Lake Iliamna fish. Thirty-three allozyme alleles were observed in the 400 Lake Clark fish
sampled while 40 were present in 299 fish sampled from Six-mile Lake and Lake Iliamna.
Finally, 3 mtDNA haplotypes were present in 126 Lake Clark fish sampled while 5 haplotypes
were observed in 77 Six-mile Lake and Lake Iliamna fish sampled. In total, 118 alleles and
haplotypes were detected among 1022 Lake Clark fish sampled while 147 alleles and haplotypes
were detected in 659 fish sampled from Six-mile Lake and Lake Iliamna (alleles and fish sample
sizes summed over loci). Alleles and haplotypes present in Lake Clark populations were
generally a subset of those found commonly in Six-mile Lake and Lake Iliamna populations
(Figure 2, Table 2, Table 3). Exceptions were a single allozyme allele at the LDH-B2 locus
(Table 2) and 16 of 120 alleles found in 9 of 11 microsatellite loci surveyed (data not shown).
These alleles were all rare (frequency less than 0.10).

There were no mode-shifts in microsatellite allele frequency distribution in any
population. Lake Clark populations had a lower mean proportion of rare (frequency <0.1)
microsatellite alleles (0.54) than Six-mile Lake and Lake Iliamna populations (0.65; P=0.02).
Sucker Bay Lake had a lower proportion of rare microsatellite alleles (0.45) than any other
population surveyed (range = 0.53 to 0.69). All Lake Clark populations had greater mean
microsatellite heterozygosity than Six-mile Lake and Lake Iliamna populations under the IAM
(Figure 3). Significant heterozygosity excess was observed only in Sucker Bay Lake (H-
Hg~0.118; P<0.01), but not in any other Lake Clark population (Hz-Hg,~0.024 to 0.045; P=0.12
to 0.26). There was no evidence of microsatellite heterozygosity excess in any population under
the SMM or TPM.

The Little Kijik River population of Lake Clark displayed a shift in allozyme allele

frequency mode (proportion of rare alleles = 0.125, proportion of alleles with frequency between
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0.2 to 0.3 = 0.313) and Lake Clark populations had a significantly reduced mean proportion of
rare allozyme alleles (0.22) relative to populations of Six-mile Lake and Lake Iliamna (0.37;
P=0.03). All the Lake Clark populations displayed an excess of allozyme heterozygosity relative
to Six-mile Lake and Lake Iliamna under the IAM (Figure 3). This effect was statistically

significant in two populations (LKR, Hg-Hg,=0.087; UTLK, Hp-Hg,~ 0.098; P<0.05).

3.4.3 Genetic divergence among populations

Twenty-seven of 28 pair-wise population comparisons showed significant differences in
microsatellite allele frequencies over all loci (P<0.01; Ramstad et al. 2004). The only populations
with statistically equal microsatellite allele frequencies were LKR and KLSB, proximate
populations that are part of the same small tributary lake system to Lake Clark (Figure 1). Fgr
ranged from 0.001 (LKR and KLSB) to 0.077 (TCI and UTLK; SBL and LKR; Ramstad et al.
2004). Rgsrvalues (range = 0.002 to 0.110; results not shown) were generally similar to Fgr
values and overall Fsr and Rgr values (all populations and loci) were 0.048 and 0.042,
respectively. High Fsrand Rgr values suggested strong divergence between Lake Clark
populations and those in Six-mile Lake and Lake [liamna and between the Sucker Bay Lake
population and all other populations. Principal components analysis supported this pattern
(Figure 4). The first principal component grouped Six-Mile Lake and Lake Iliamna populations
and differentiated them from Lake Clark populations. The second principal component
differentiated the Sucker Bay Lake population from all other populations surveyed.

Significant differences in allozyme allele frequencies were observed in 18 of 21 pair-
wise population comparisons (P<0.001 to 0.03; Table 4). Populations with equal allozyme allele
frequencies were the two Iliamna populations (FDI and TCI) and Kijik Lake populations (LKR
and KLSB; KR and LKR). Pair-wise Fr between populations ranged from zero (FDI and TCI;

LKR and KLSB) to 0.112 (TCI and KR; TCI and UTLK; Table 4). The pattern of genetic
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divergence at allozyme loci was similar to that of microsatellite loci with the greatest Fgr values
between fish spawning in Lake Clark and Lake Iliamna.

Principal components analysis of allozyme data suggested the Tazimina River
population of Six-mile Lake was more similar genetically to Lake Clark than Lake Iliamna
populations (Figure 4). However, this finding was largely due to a single allozyme locus (4LAT)
with a strong influence in the principal components analysis (PC1 loading for ALAT allele *100 =
-0.576, *91 = 0.717; next highest PC1 loading is for mAAT-1 allele *-100 = 0.273). With
removal of this locus, PCA of the remaining 18 allozyme loci suggested the TAZ population is
more similar genetically to Iliamna populations (distance on the PC1 axis from TAZ to nearest
[liamna population, FDI=0.025) than to Lake Clark populations (distance on the PC1 axis from
TAZ to nearest Lake Clark neighbor, KLSB=0.084). The ALAT locus also displayed
disproportionately large Fsr values in comparisons among populations of different lakes (mean
ALAT Fgr=0.164 + 0.059, 95% CI; mean Fsrall other loci = 0.077 + 0.022, 95% CI) but not
when comparisons among populations of the same lake are also considered (mean ALAT Fsr=
0.111 £ 0.052, 95% CI; mean Fgr all other loci = 0.054 + 0.021, 95% CI).

Significant differences in mtDNA haplotype frequencies were present in 18 of 28 pair-
wise population comparisons (P=0 to 0.05; Table 5). Fgr values ranged from zero (four
comparisons) to 0.427 (TAZ and KR) and suggested strong divergence between fish spawning in
Lake Clark and those spawning in Six-mile Lake and Lake Iliamna (Table 5). Principal
components analysis of the mtDNA data closely approximated that of the microsatellite data in
that the first principal component differentiated between fish spawning in Lake Clark and those
spawning in Lake Iliamna and Six-mile Lake (Figure 4). Unlike the microsatellite data, however,
mtDNA suggested similarity between the Sucker Bay Lake populations and all other Lake Clark

populations.
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3.5 Discussion

We found that (1) patterns of genetic variation at allozyme and mtDNA markers support the
presence of a founder effect associated with the colonization of Lake Clark by sockeye salmon.
(2) Further reduced microsatellite variation in Sucker Bay Lake sockeye salmon is likely due to
persistent low Ne and isolation since the initial founder effect. And (3) variation at allozyme loci
and mtDNA supports the conclusion that Six-mile Lake sockeye salmon are more similar

genetically to Lake Iliamna than Lake Clark sockeye salmon.

3.5.1 Lake Clark founder effect

Lake Clark sockeye salmon populations have reduced genetic diversity at microsatellite loci,
allozyme loci, and mtDNA relative to Six-mile Lake and Lake Iliamna populations. This is
evidenced by lower allelic richness, fewer total numbers of alleles, a lower mean proportion of
rare microsatellite and allozyme alleles, and a reduced proportion of polymorphic allozyme loci
in Lake Clark than Six-mile Lake and Lake Iliamna sockeye salmon populations.

Heterozygosity of Lake Clark populations (H) exceeds that expected at mutation-drift
equilibrium () relative to populations in Six-mile Lake and Lake Iliamna. With microsatellite
data, this effect is evident in all Lake Clark populations (but only statistically significant in
Sucker Bay Lake) and reflects the deficit of microsatellite alleles in Lake Clark sockeye salmon.
Allozyme heterozygosity excess is evident in all Lake Clark populations as well, and is
statistically significant in the Little Kijik River and Upper Tlikakila River populations. This trend
toward allozyme heterozygosity excess is still evident when the outlier locus ALAT is removed
and reflects not only reduced allelic diversity but also greater allozyme heterozygosity in Lake
Clark than Six-mile Lake and Lake Iliamna populations. Achieving statistical power >0.80 to
detect a bottleneck with this test requires 10 polymorphic loci per population (Luikart and
Cornuet 1998). In this study, numbers of polymorphic allozyme loci per population range from 7

to 12. However, our findings of bottleneck effects based on allozyme heterozygosity are
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conservative because at low statistical power it is more likely that a bottlenecked population will
be identified as non-bottlenecked than vice versa.

Taken together, these results suggest that a common founding reduced the genetic
variation of all Lake Clark populations relative to Six-mile Lake and Lake Iliamna populations of
sockeye salmon. The observation that alleles and haplotypes present in Lake Clark populations
were generally a subset of those found commonly in Six-mile Lake and Lake Iliamna populations
further supports this hypothesis, as does the difference in 4 and Hr between pooled Lake Clark
and pooled Six-mile Lake and Lake Iliamna populations. Had Lake Clark populations
experienced bottlenecks independently, allele frequencies would have drifted independently
among populations and pooling them would have produced 4 and Hj values similar to those
observed in the pooled Six-mile Lake and Lake Iliamna populations. The fact that genetic
bottleneck signals persist when Lake Clark populations are pooled (reduced 4, increased
allozyme Hf) suggests these populations experienced a common genetic bottleneck effect rather
than multiple independent bottlenecks. A similar pattern was observed among introduced New
Zealand Chinook salmon populations (O. tshawytscha) which have reduced allozyme and
mtDNA variation relative to putative source populations (Quinn et al. 1996).

Reduced microsatellite variation and lack of mutation-drift equilibrium suggest that Lake
Clark was colonized by sockeye salmon within the last 100 to 400 hundred sockeye salmon
generations (~400 to 1400 years; Ramstad et al. 2004). This timeframe is not surprising given
that Lake Clark was created by glacial retreat approximately 12 to 15 thousand years ago and is
geologically young (Stilwell and Kaufman 1996). Once a population has lost genetic variation
due to drift, it can only be restored by mutation or immigration. Recovery of genetic variation by
mutation can take thousands of generations even with the high mutation rate of microsatellites
(Crow and Aoki 1984; Birky et al. 1989; Waples 1998; Kinnison et al. 2002). The similar Fgr

and Rgr values among Lake Clark populations suggest a minor role for mutation in promoting
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genetic variation since a recent, common founding of Lake Clark sockeye salmon (Wenburg et al.

1998).

3.5.2 Sucker Bay Lake

The Sucker Bay Lake population exhibits a strong genetic bottleneck signal (reduced variation,
strong divergence) at microsatellite loci relative to all other populations surveyed (Ramstad et al.
2004). However, this bottleneck signal could not be assessed at allozyme loci (no data are
available), and Sucker Bay Lake fish have similar mtDNA variation to all other Lake Clark
populations. In addition, the Sucker Bay Lake population exhibits similar haplotype frequencies
and divergence from Six-mile Lake and Lake Iliamna fish as other Lake Clark populations.
Caution is required when interpreting these results as mtDNA is a single locus while the
microsatellite data are from eleven independent loci. However, the contrasting results between
the mtDNA and the microsatellite data may lend some insight into the nature of the bottleneck
signal in Sucker Bay Lake sockeye salmon.

Mitochondrial DNA is expected to show greater divergence among populations and
lower variation than nDNA because of its reduced effective population size (Birky et al. 1983,
1989). An acute, brief bottleneck could greatly reduce mtDNA haplotype diversity while having
little effect on nDNA allelic diversity (Wilson 1985; Birky 1991; Hurtado et al. 2004). This is
opposite of the pattern observed in Sucker Bay Lake. The discordance between nDNA and
mtDNA bottleneck signals in Sucker Bay Lake is likely due to persistent low N, and isolation
since sharing in a common founding with other Lake Clark populations. A similar pattern has
been observed in post-fur trade populations of sea otters (Enhydra lutris) where further reduction
of nDNA variation relative to mtDNA variation could also be explained by the differential effects
of drift on nuclear and mitochondrial DNA (Larson et al. 2002).

Acerial estimates of numbers of spawning fish suggest that Sucker Bay Lake census

population size is typically low relative to other Lake Clark populations and fluctuates
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tremendously from year to year (<100 to >7,000 spawners annually between 1955 and 1998;
Regnart 1998). In addition, recent evidence from tagging studies suggests isolation of the Sucker
Bay Lake population (low straying, different spawning times) from other Lake Clark spawning
populations (Young 2004). If these observations reflect historical patterns, they also support the
hypothesis that persistent low Ne and isolation have promoted greater loss of nuclear variation in
Sucker Bay Lake than other Lake Clark populations.

Greater divergence between populations in nDNA than mtDNA could also be due to
greater female immigration or skewed sex ratio in favor of females. However, the bias would
have to be extreme (between 7 and 15 females per male; Birky et al. 1989) or female gene flow
would homogenize populations in both nuclear and mitochondrial DNA (e.g. Kittles et al. 1999).
There is no evidence, for female-biased dispersal among spawning populations of sockeye
salmon. Nuclear and mitochondrial divergence among Cook Inlet populations is equivalent after
correction for the lower Ne of mtDNA (Allendorf and Seeb 2000) and Taylor et al. (1997)
suggested restricted female gene flow in non-anadromous O. nerka. There is similarly no
evidence for a highly skewed sex ratio among Sucker Bay Lake sockeye salmon (personal
observation, K. Ramstad). Thus, it is unlikely that the discordance between nuclear and
mitochondrial DNA divergence between Sucker Bay Lake and other Lake Clark populations is

due to different reproductive contributions of males and females.

3.5.3 Six-mile Lake

All three marker types surveyed show divergence between sockeye salmon spawning in Lake
Clark and those spawning in Lake Iliamna. Significant differences in allele and haplotype
frequencies, high Fsr values between Lake Clark and Lake Iliamna populations, and principal
components analysis (PCA) of variation at 11 microsatellite loci, 19 allozyme loci and mtDNA

support this pattern.
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All three marker types surveyed also support the genetic similarity between the Tazimina
River population of Six-mile Lake and Lake Iliamna populations. A single, highly influential
allozyme locus (ALAT) suggests the Tazimina River population is more similar genetically to
Lake Clark than to Lake Iliamna populations. With the removal of this outlier locus, the
remaining 18 allozyme loci support the similarity between Six-mile Lake (Tazimina River) and
Lake Iliamna sockeye salmon.

It has been suggested that variation at allozyme loci is more likely to be influenced by
natural selection than variation at microsatellite loci (e.g., Karl and Avise 1992; Pogson et al.
1995). Therefore, the exceptionally high Fgsr values and PCA loadings at the ALAT locus may be
due to selection at this locus or another to which it is tightly linked. Slatkin and Muirhead (1999)
have demonstrated theoretically that slight deviations from neutrality can strongly affect both the
allele frequencies and the probability of allelic loss at a given locus. However, the great
divergence at ALAT may also be caused by genetic drift as fluctuations in effective population
size over time are expected to increase the variance of Fsy among loci (Beaumont and Nichols
1996). Drift is suggested when outlier behavior of a locus is coupled with evidence of a genetic
bottleneck effect while selection is supported if the same loci exhibit similar outlier patterns in
multiple and distant sampling locations (Luikart et al. 2003). For example, Allendorf and Seeb
(2000) observed an outlier allozyme locus (s4H) in their study of sockeye salmon populations of
Cook Inlet, Alaska. Had the same locus been an outlier in this study, selection would be
supported as the cause of the outlier behavior. However, different loci behave as outliers in these
two studies and in both cases are associated with populations that appear to have gone through
recent genetic bottlenecks. In contrast, the LDH-B2 locus is likely under selection as it has
exhibited outlier behavior in multiple, distant sampling locations with allele frequencies
correlated with differences in spawning habitat (Varnavskaya et al. 1994a). Large variation in
allele frequencies at the ALAT locus have been observed among sockeye salmon populations in

both this and other studies (Varnavskaya et al. 1994a, 1994b; Wood et al. 1994). In other studies,
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however, variation at the ALAT locus did not provided results that were discordant with other loci
or were correlated with genetic bottleneck signals. Thus, without additional information, it is
impossible to distinguish between the alternative explanations of selection or drift in promoting
the outlier behavior of the ALAT locus in this study.

The data presented above, and the observation that a population at the confluence of
Lake Clark and Six-mile Lake is genetically similar to Lake Iliamna populations (Ramstad et al.
2004), suggest that sockeye salmon of Six-mile Lake (Tazimina River) are genetically similar to
Lake Iliamna sockeye salmon. In addition, Tazimina River does not display the reduced genetic
variation common to Lake Clark populations at the varied markers surveyed here, or in the
broader analyses of Ramstad et al. (2004) or Habicht et al. (2004). We conclude that sockeye
salmon spawning in Six-mile Lake have a stronger genetic affinity with Lake Iliamna than Lake

Clark sockeye salmon.

3.5.4 Implications and conclusions

This study demonstrates the importance of using a variety of genetic marker types to test for
bottleneck effects and determine genetic population structure. The combination of microsatellite
and mtDNA data suggests that isolation and low Ne have promoted further loss of genetic
variation in the Sucker Bay Lake population since sharing in a common founder event with other
Lake Clark populations. Thus, this combination of data types provides greater understanding of
the nature of the bottleneck effect in the Sucker Bay Lake population than either marker type
could have provided alone. In addition, similar results at two additional marker types strongly
support the pattern of genetic population structure previously determined with microsatellite data.
Investigators should be cautious when using heterozygosity as an indicator of genetic
bottleneck effects. This is because heterozygosity is not as sensitive to drift as allelic diversity
(Allendorf 1986), and there is large stochastic variance in heterozygosity among loci, particularly

after a reduction in population size (Leberg 1992; Tarr et al. 1998). When a population
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experiences a bottleneck, a reduction in heterozygosity is expected on average across loci.
However, for loci with two alleles, there is a nearly equal probability that heterozygosity will
increase or decrease at each locus due to random genetic drift of allele frequencies. This is
because heterozygosity is maximized when the alleles are equally frequent. For example, Tarr et
al. (1998) assayed variation in a recently founded Laysan finch (Telespyza cantans) population
and its founding population using nine microsatellite loci with 2-5 alleles per locus. They
observed that four of the nine loci exhibited greater Hj in the bottlenecked population than in the
founding population though mean H overall was reduced.

In this study, eight of 19 allozyme loci exhibited a greater mean Hj in Lake Clark
populations than in Six-mile Lake and Lake Iliamna populations resulting in increased mean Hy
over all loci and in every Lake Clark population surveyed. This increase was unexpected, given
the observed reduction in Hj at microsatellite loci and mtDNA, and could have been interpreted
as evidence that Lake Clark sockeye salmon did not experience a genetic bottleneck effect.
However, increased mean allozyme Hy is common among all surveyed Lake Clark populations
and coupled with a reduction in allelic diversity. This provides evidence of heterozygosity excess
and further suggests a common founding event among Lake Clark sockeye salmon. The effects
of genetic drift on heterozygosity can be complex, and it is necessary to assess variation at many
loci, particularly with higher numbers of alleles, to detect and quantify these effects (Tarr et al.
1998). Similarly, it is important to assess changes in heterozygosity relative to changes in allelic
diversity when assessing evidence of genetic bottleneck effects.

Detection of outlier loci is critical to the accurate assessment of both genetic bottleneck
effects and genetic population structure. It is not uncommon to find an outlier locus that
profoundly affects results in studies including 20 or fewer loci (Allendorf and Seeb 2000; Landry
et al. 2002; Luikart et al. 2003). In this study, the Tazimina River population of Six-mile Lake
grouped with the bottlenecked Lake Clark populations when the 4LAT locus was included but

grouped with the non-bottlenecked populations in Lake Iliamna when ALAT was not included.
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Repeating analyses with and without the ALAT locus provided evidence of the Lake Clark
founder event and the genetic similarity between Six-mile Lake and Lake Iliamna populations.
Other studies provide similar examples where outlier loci profoundly affect interpretation of
genetic variation relative to geographic distribution, phenotypic variation, and phylogeny

(Wilding et al. 2001; Landry et al. 2002).

Is mitigative management warranted for Lake Clark sockeye salmon?
It is unlikely that Lake Clark sockeye salmon are experiencing deleterious bottleneck effects
because their founding event was associated with post-glacial colonization and is not recent
(<100 generations; Luikart et al. 1998). In addition, the Lake Clark sockeye salmon founding
event has resulted in only a modest reduction in heterozygosity (<5% at microsatellite loci) and
there is no evidence in the literature of deleterious effects associated with such a small reduction
in heterozygosity (Keller and Waller 2002). There are currently at least 32 spawning populations
of sockeye salmon in Lake Clark without known barriers to dispersal among them (Young 2004).
Given time, genetic variation of these populations will likely increase and mutation-drift
equilibrium will be reached.

Isolation and low Ne have apparently promoted further loss of genetic variation in the
Sucker Bay Lake population. It is unclear if an increase or further erosion of genetic variation
among Sucker Bay Lake sockeye salmon is more likely given time. Conservative management
should seek to maintain or increase effective population size, minimize disturbance of the Sucker
Bay Lake population, and maintain connectivity among all sockeye salmon spawning populations

of Lake Clark.
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Table 3-3 Sample size (N) and composite mtDNA haplotype frequencies of Lake Clark, Six-mile

Lake, and Lake Iliamna sockeye salmon populations. Refer to Table 1 for population names.

Sample N ABDC  AACA ABBA ABBC  AAFA
1 TCI 24 0.208 0.292 0.375 0.125 -
2 FDI 30 0.233 0.500 0.233 0.033 -
3 TAZ 23 0.130 0.478 0.217 - 0.174
4 SBL 23 0.565 0.261 0.174 - -
5 KR 23 0.870 0.130 - - -
6 LKR 26 0.615 0.308 0.077 - -
7 KLSB 26 0.538 0.462 - - -
8 UTLK 28 0.786 0.179 0.036 - -
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Table 3-4 Allozyme pair-wise Fsr (below diagonal) and number of loci with significant allele
frequency differences after sequential Bonferroni correction (above diagonal) between Lake
Clark, Six-mile Lake, and Lake Iliamna sockeye salmon populations. Comparisons without
significant allele frequencies differences over all loci (P>0.05 Fisher’s combined probability test)
are noted as NS. No allozyme data is available for Sucker Bay Lake (population 4, SBL), refer to

Table 1 for population names.

1 2 3 5 6 7 8
TCI FDI TAZ KR LKR KLSB  UTLK

TCI --- NS 1 4 1 2 3
FDI 0 - 2 3 2 2 3
TAZ 0.067 0.060 -- 2 1 1 2
KR 0.112 0.106 0.024 --- NS 1 1
LKR 0.074 0.072 0.008 0.008 -- NS 1
KLSB 0.075 0.072 0.013 0.007 0 --- 3

UTLK 0.112 0.104 0.050 0.011 0.019 0.020 ---
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Table 3-5 Pair-wise Fsr of mtDNA (below diagonal) and significance of haplotype frequency
differences (above diagonal) between Lake Clark, Six-mile Lake, and Lake Iliamna sockeye
salmon populations. NS = not significant at P>0.05; *significant at P<0.05; **significant at

P<0.01; ***significant at P<0.001. Refer to Table 1 for population names.

1 2 3 4 5 6 7 8
TCI FDI TAZ SBL KR LKR KLSB UTLK

TCI —_ NS NS % ek % fedek ek
FDI 0.014 - NS NS ke * ok ke
TAZ 0033 0 —_ % ek Fedek % *kk
SBL 0.085 0.088 0.138 --- * NS * NS
KR 0.367 0.369 0.427 0.109 - NS * NS
LKR 0.146 0.120 0.175 0 0.080 --- NS NS
KLSB  0.163 0.083 0.138 0.022 0.196 0 --- *
UTLK  0.288 0.285 0.344 0.038 0 0.015 0.112 --
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Figure 3-1 Map of Lake Clark, Six-mile Lake, and Lake Iliamna with sample sites shown. Sites

are numbered from downstream to upstream, refer to Table 1 for population names.

Figure 3-2 Network of haplotypes detected in this study. Haplotypes represent one BstU I site,
two Ban II sites, and one Sau96 I site and are coded as ABDC=1111, AACA=0000,
ABBA=1100, ABBC=1101, and AAFA=0010. Arrows indicate direction of site gain, circle size
indicates haplotype frequency over all fish sampled, and shading within circles indicates
proportion of fish from Six-mile and Iliamna Lakes (open) and Lake Clark (shaded) with that
haplotype. The dashed arrow indicates an alternative, less parsimonious derivation of the AAFA

haplotype from the ABDC haplotype.

Figure 3-3 Relationship between mean expected heterozygosity observed (Hg) and expected at
mutation-drift equilibrium (Hg,) for 11 microsatellite loci (circles) and 13 allozyme loci
(triangles) in Lake Clark (black), Six-mile Lake (grey), and Lake Iliamna (open) sockeye salmon
populations. Lake Clark populations have greater Hg than Hg, for both markers due to genetic

drift associated with a common founding event. Refer to Table 1 for population names.

Figure 3-4 Principal components analysis for Lake Clark (black), Six-mile Lake (grey) and Lake
Iliamna (open) sockeye salmon populations. Analyses are of 11 microsatellite loci, 13 allozyme
loci, nuclear markers combined, and mtDNA. Percentages in parentheses indicate amount of

variation explained by each principal component. Refer to Table 1 for population names.
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Chapter 4 - Evidence for local adaptation of sockeye salmon to beach,

tributary, and glacial spawning habitats

4.1 Abstract

Adaptive divergence is expected among salmonid populations because they spawn in diverse
habitats and experience spatially and temporally restricted gene flow. However, salmonids
are also prone to founder effects, so phenotypic divergence among populations may be due to
genetic drift. To test if sockeye salmon (Oncorhychus nerka) populations are adapted to
beach, tributary, and glacial spawning habitats, we examined variation in heritable phenotypic
traits associated with spawning in thirteen populations of wild sockeye salmon in Lake Clark,
Alaska. Lake Clark sockeye salmon populations were commonly founded between 100 and
400 hundred generations ago and exhibit low genetic divergence at 11 microsatellite loci (Fisr
< 0.024) that is uncorrelated with spawning habitat type. We found significant phenotypic
divergence among populations that was associated with spawning habitat differences, but not
with neutral genetic divergence. For example, female body color was lighter and egg color
was darker in glacial than non-glacial habitats. This is due possibly to reduced selection for
red spawning color in glacial habitats and an apparent trade-off between body and egg color
in females. Mean Py (phenotypic divergence among populations) exceeded neutral Fgr for
most phenotypic traits indicating that phenotypic differences among populations could not be
explained by genetic drift alone. Plasticity is an unlikely source of phenotypic differences
because Lake Clark sockeye salmon spend nearly all their lives in a common environment.
These data suggest that Lake Clark sockeye salmon populations are adapted to spawning in
beach, tributary, and glacial habitats and provide the first evidence of a glacial spawning

phenotype among sockeye salmon.
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4.2 Introduction

Phenotypic variation among wild conspecific populations has long fascinated naturalists and
evolutionary ecologists (Darwin 1859, 1871). What is the source of this variation? What
processes maintain it? How can we conserve it? There are four primary sources of
phenotypic divergence among individuals and populations: mutation, genetic drift, selection,
and phenotypic plasticity. Mutation is the ultimate source of all genetic variation, but is
generally a weak force in evolution unless it is coupled with genetic drift or selection (Volpe
1985; Avise 1994). Genetic drift promotes genetic divergence among populations that have
consistently low effective population size (N,) or have experienced genetic bottleneck effects
(acute reductions in N,, Avise 1994). Selection promotes genetic divergence, or local
adaptation, among populations when restricted gene flow is coupled with different selection
regimes (Endler 1986; Stearns 1992).

Phenotypic divergence among populations in different environments may or may not
reflect genetic divergence. For example, genetically similar populations may diverge
phenotypically due solely to environmental differences through phenotypic plasticity (the
range of expression of the genotype in interaction with the environment, Stearns 1992).
Conversely, similar phenotypes among populations can mask strong genetic differences due
to counter gradient selection (genetic effects on a trait oppose or compensate for
environmental effects such that phenotypic divergence among populations is minimized, e.g.,
Craig and Foote 2001).

In a common environment, phenotypic divergence among populations is largely due
to the balance of drift, selection, and migration (gene flow). Effective population size,
selection strength (s), and migration rate (m) interact to determine if selection will be effective
in changing population allele frequencies (Wright 1931; Li 1978; Allendorf 1983). In the
absence of genetic drift (large N,), selection will have a significant effect on allele frequencies
when s > m (Wright 1931; Allendorf 1983). Thus, selection can affect allele frequencies at
any level of migration short of total panmixia provided the strength of selection is sufficient.

Selection will be ineffective in the presence of significant genetic drift, or when s <1/ N, (Li
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1978; Allendorf 1983). Thus, adaptive divergence is expected among large, relatively
isolated populations experiencing different selection regimes and divergence due to drift is
expected among small, isolated populations (Wright 1931; Allendorf 1983).

It is essential to differentiate between drift and selection in promoting phenotypic
divergence among populations because failure to recognize the effect of one will lead to
erroneous conclusions about the other. For example, ascribing the effects of drift to selection
may mislead researchers to overestimate local adaptation, promote “just-so” stories to explain
the observed pattern, and conduct studies with no hope of increasing our understanding of
natural selection in the wild (Gould and Lewontin 1979; Adkison 1995). Failure to recognize
genetic drift could result in serious conservation consequences as well because populations
experiencing strong genetic drift may have reduced evolutionary potential and probability of
persistence (Luikart et al. 1998; Soulé and Mills 1998; Briskie and Mackintosh 2004).

We can formally test the hypothesis that phenotypic divergence among populations is
due to selection against the alternative null that divergence is due to neutral genetic drift by
comparing the metrics Fsr and Qs (Merild and Crnokrak 2001; McKay and Latta 2002).
When calculated with neutral genetic markers, Fs; reflects the amount of genetic divergence
among populations that is due to the balance of neutral genetic drift and gene flow (Wright
1951). In contrast, Qg reflects divergence among populations in quantitative traits due solely
to additive genetic effects (Spitze 1993). If quantitative traits have an additive genetic basis
and are not under selection, Qsr is expected to equal Fsy (Wright 1951). Therefore, if Fgr
differs significantly from Qsr, the phenotypic divergence observed among populations cannot
be explained by genetic drift alone and selection must be acting to shape phenotypes.

Proper estimation of Qg requires control of environmental and non-additive genetic
effects on phenotype (Merild and Crnokrak 2001; McKay and Latta 2002). If it can be
assumed that these effects are negligible, then Qg7 can be approximated as simply the
phenotypic divergence observed among populations. Authors have often presented the
observed phenotypic divergence as Qsrwhen common garden experimentation was not

possible (Saint-Laurent et al. 2003 and references therein). Because this can lead to

79



substantial confusion, we have termed the observed phenotypic divergence among
populations Pgr to differentiate it from Qgr and make explicit that equating the two measures
assumes that environmental and non-additive genetic effects are negligible in the system
under study.

Here we compare Pgr and neutral Fgr to determine the relative effects of genetic drift
and selection in promoting phenotypic divergence among populations of sockeye salmon
(Oncorhynchus nerka) spawning in different habitat types of Lake Clark, Alaska (Figure 1).
Rapid adaptive divergence has been observed among sockeye salmon introduced to Lake
Washington (~ 13 generations, Hendry et al. 2000b) and chinook salmon (O. tshawytscha)
introduced to New Zealand rivers (< 30 generations, Kinnison et al. 1998; Quinn et al. 2000).
This study represents a similar natural experiment because Lake Clark sockeye salmon
populations shared in a common founding event approximately 400 to 1400 years ago (100 to
400 hundred generations, Ramstad et al. 2004). Thus, adaptive phenotypic divergence among
Lake Clark populations would require divergent selection since their common founding.
Environmental effects are assumed to be negligible because Lake Clark sockeye salmon
spend nearly all of their lives in a common environment, as detailed in the next section. In
addition, all phenotypic traits considered in this study are associated with spawning, are fully
developed prior to fish arriving at their spawning habitats (Hendry et al. 1999; Hamon and
Foote 2000; Hamon et al. 2000; Hendry et al. 2000a), and have an additive genetic basis in

salmonids (see references below).

4.2.1 Natural History of Sockeye Salmon

Sockeye salmon typically rear in freshwater for 1 to 2 years, migrate to sea as smolt, spend 1
to 4 years at sea, and return to their natal freshwater systems to spawn once and die (Burgner
1991). Though this life history exposes sockeye salmon to a wide variety of habitats, fish
from the same natal lake spend most of their lives together in a common environment. For
example, Lake Clark sockeye salmon rear as juveniles in the same nursery lake (Schlenger

1996), collectively outmigrate to sea as smolt (Orrell 1963; Woolington et al. 1990), spend
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their adult lives in a common oceanic environment (French et al. 1976; Burgner 1980), and
return synchronously to Lake Clark to spawn (Burgner 1980; Jensen and Mathisen 1987).

Fish mature during their homeward natal migration and develop dorsal humps, bright
red spawning color, and elongated snouts with large, sharp teeth. These traits are more
exaggerated in males than females. Maturation is also marked by a shift in the relative
proportion of the visual pigments rhodopsin and porphyropsin, which increases sensitivity to
red wavelengths (Beatty 1966; Novales-Flamarique 2000). Red body color is derived from
carotenoids obtained through diet while at sea, initially sequestered in the flesh, and then
transferred to the skin and eggs during maturation (Crozier 1970; Goodwin 1984). During
spawning, females select and compete for breeding sites where they dig a series of nests
(redds) and defend them until they die or are driven off their territory. In contrast, males
compete with one another for access to females, but do not take part in redd construction or
defense (Foote 1990; Quinn and Foote 1994). A single male cannot wholly monopolize a
female and small males will sneak matings when possible (Gross 1985; Foote and Larkin
1988).

Specific natal homing and spawning habitat differences within nursery lakes promote
reproductive isolation, genetic structuring, and phenotypic divergence among populations of
sockeye salmon (Ricker 1972; Quinn 1985; Quinn and Dittman 1990). There is often
significant genetic and phenotypic divergence among populations within lakes that spawn in
different types of habitat (ecological isolation) or differ in their time of return or spawning
(temporal isolation; Ricker 1972; Wood 1995; Woody et al. 2000; Ramstad et al. 2003;
Hendry and Day 2005). Sockeye salmon are excellent colonizers of newly created habitats
and can quickly establish spawning populations with few individuals (Milner 1987; Milner
and Bailey 1989; Milner et al. 2000) because their homing fidelity exists in a dynamic
balance with a tendency to stray (Quinn 1984, 1985). Thus, sockeye salmon are vulnerable to
genetic drift due to founder effects.

The morphology, behavior, and life history of sockeye salmon are shaped by both

sexual and natural selection (see reviews in Taylor 1991; Wood 1995). In females, large body
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size is correlated with territory acquisition, territory defense, and fecundity (van den Berghe
and Gross 1989; Fleming and Gross 1994). In males, large body size is correlated with
acquisition and defense of females (Foote 1990; Fleming and Gross 1994; Quinn and Foote
1994; Hamon and Foote 2005). Snout length, spawning color intensity, and dorsal hump size
are positively correlated with breeding competition (Fleming and Gross 1989, 1994; Quinn
and Foote 1994). Males and females use their snouts as weapons in intrasexual aggression
by biting and ramming competitors (Darwin 1871; Quinn and Foote 1994), spawning color
appears to indicate social status for both sexes (Fleming and Gross 1989, 1994), and males
use their dorsal humps for lateral body size displays to other males (Quinn and Foote 1994;
but see Hamon and Foote 2005). Males preferentially compete for intensely colored, large
bodied females that are ready to spawn (Foote 1988; Foote and Larkin 1988; Craig and Foote
2001; Foote et al. 2004) while females indirectly select large males by delaying spawning
when attended by small males (Foote and Larkin 1988; Berejikian et al. 2000).

Sockeye salmon phenotypic traits often correlate with differences in spawning
habitat. Egg size is positively correlated with substrate size (Quinn et al. 1995), male dorsal
hump size is positively correlated with spawning habitat water depth (Blair et al. 1993;
Woody et al. 2000; Quinn et al. 2001) and probability of bear predation (Ruggerone et al.
2000; Quinn et al. 2001), and spawning time is correlated with incubation thermal regime
(Brannon 1987). Many of these traits have been shown to have an additive genetic basis in
salmonids (egg size - Gall and Neira 2004, morphology - Taylor and McPhail 1985; Funk et
al. 2005, age at maturity - Gall et al. 1988; Hankin et al. 1993, spawning time - Siitonen and
Gall 1989; Quinn et al. 2000, flesh color — Withler 1986, ability to convert carotenoids to red
colored tissue/spawning color - Craig and Foote 2001) and parallel correlations in multiple
lake systems between phenotype and spawning habitat type suggest phenotypic differences
are adaptive (Wood 1995). This has prompted definition of spawning ecotypes (populations
that reside in and are adapted to distinct environments, Turesson 1922) of sockeye salmon.
For example, the beach spawning ecotype of sockeye salmon is characterized by larger eggs,

deeper bodies, smaller size at age, younger age at maturity, and later spawning times than the
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inlet tributary ecotype (Rogers 1987; Blair et al.1993; Quinn et al. 1995; Wood 1995; Hamon
et al. 2000; Hendry et al. 2000b; Quinn et al. 2001).

In contrast to beach and tributary spawning populations, evidence of local adaptation
of sockeye salmon to glacial spawning habitats (recently uncovered by retreating glaciers,
turbidity > 5 nephelometric turbidity units (NTU) at peak spawning; Koenings et al. 1986,
1990) has never been assessed. Indeed, most studies of salmonid ecology have been
conducted in non-glacial habitats (< 5 NTU) and little is known of the ecology of salmonids
inhabiting glacial waters (but see Lorenz and Eiler 1989; Eiler et al. 1992; Young 2004).
Glacial habitats are characterized by elevated turbidities, low temperatures, unstable flow
regimes, and silty substrates (Stanford and Ward 1992; Murphy et al. 1997) while non-glacial
habitats are typically characterized by clear water with moderate temperature and flow, little
silt, and moderate to fine sized gravel (Burgner 1991).

Turbidity is an optical property of water wherein suspended sediment and dissolved
matter absorb and scatter light rather than transmit it in straight lines (APHA et al. 1980).
Elevated turbidity dramatically reduces light penetration in both lakes and streams and is
associated with reduced primary productivity, low species diversity, and impaired growth and
vision of fishes (Lloyd et al. 1987; Barrett et al. 1992). Fish that spawn in glacial and non-
glacial habitats will likely differ phenotypically in response to different selection pressures
associated with these different environments. For example, silty substrates may promote
reduced egg size (Quinn et al. 1995), colder incubation temperatures may promote earlier
spawning time (Brannon 1987), and reduced visibility due to high turbidity may relax
selection for visual sexual signals (Barrett et al. 1992; Seehausen et al. 1997) in glacial
spawning fish. Given that glacial spawning habitats have been recently colonized, genetic
drift due to founder effects may also promote genetic and phenotypic divergence among

populations spawning in glacial and non-glacial habitats.
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4.2.2 Objectives

The objective of this study was to test for evidence of local adaptation of sockeye salmon to
beach, tributary, and glacial spawning habitats of Lake Clark, Alaska. We addressed three
primary questions: (1) What is the pattern of phenotypic variation among spawning
populations of Lake Clark sockeye salmon? (2) Is phenotypic divergence among populations
correlated with differences in spawning habitat? (3) Is phenotypic divergence among
populations (Psr) correlated with neutral genetic divergence (microsatellite Fgr)? If
phenotypic divergence among populations is not correlated with differences in their spawning
habitats but is correlated with neutral genetic divergence, then genetic drift is likely the cause
of the observed phenotypic variation. In contrast, a correlation between spawner phenotype
and spawning habitat type when neither factor is correlated with neutral genetic divergence
would suggest that selection is the primary force in driving phenotypic divergence among

spawning populations.

4.3 Methods

Lake Clark is one of two large lake systems in the Kvichak River watershed of Bristol Bay,
Alaska (Figure 1). The world’s largest and most lucrative commercial salmon fisheries take
place in Bristol Bay, and Kvichak River sockeye salmon historically dominated the harvest
(ADFG 2002; Fair 2003). Lake Clark sockeye salmon often comprise a significant portion of
the fish spawning annually in the Kvichak watershed. For example, 30 thousand to 8.4
million sockeye salmon, representing between one and 75 percent of Kvichak spawning fish,
spawned in Lake Clark annually between 1979 and 1998 (Rogers et al. 1999).

Lake Clark is geologically young (12 to 15 thousand years old, Stilwell and Kaufman
1996) and has spawning habitats that were deglaciated as recently as 200 years ago (P. Heiser,
pers. comm. 2002). Spawning habitats in Lake Clark are highly heterogeneous and include
glacial and non-glacial beach, inlet tributary, and outlet tributary habitats (Demory et al.

1964; Brabets 2002). In this study, we formally compared fish spawning in (1) beach and
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inlet tributary habitats, (2) glacial and non-glacial beach habitats, and (3) glacial and non-
glacial inlet tributary habitats. We excluded outlet tributary populations from comparisons
among habitat types because there are no glacial outlet tributaries in the Lake Clark system.
We included outlet tributary populations in analyses that treated populations independently,
however, to increase the spawning habitat diversity represented and neutral genetic
divergence among study populations. For example, the Lake Clark Outlet (OUT) population
is highly divergent from all other Lake Clark populations in neutral microsatellite allele
frequencies because it apparently was not part of a founder event associated with the
colonization of Lake Clark by sockeye salmon (Figure 1; Ramstad et al. 2004). Inlet

tributaries are referred to simply as tributaries throughout the text unless otherwise stated.

4.3.1 Spawning Habitat Measures

Turbidity (NTU) was measured with a Hach® Pocket Turbidimeter (Loveland, Colorado,
USA) at peak spawning time for 13 spawning sites (Figure 1, Table 1). For 10 of these 13
sites, water depth (m)was measured every meter and substrate size composition assessed by
Wolman Pebble Count (Kondolf and Li 1992) along three to five randomly chosen transects
crossing the wetted width of tributaries and the wetted beach shore to a depth of
approximately 1.5 meters directly offshore. A StowAway TidbiT datalogger (Onset©
Computer Corporation, Bourne, Massachusetts, USA) was anchored with rebar in the
substrate of 11 habitats and recorded hourly intergravel incubation temperatures. Retrieval of
dataloggers was attempted annually and hourly temperatures were averaged within habitats

between 14 October and 30 May to determine mean incubation temperatures.

4.3.2 Phenotypic Measures

Phenotypic traits of sockeye salmon from 13 spawning populations throughout Lake Clark
and Six-mile Lake and from all spawning habitat types defined above were measured in 2000
and 2001 (Figure 1, Table 2). Fish were captured on their spawning grounds by beach seine
and tangle net. Morphological measurements were taken on approximately 20 fish per sex

from four populations in 2000 (SBL - Sucker Bay Lake, LRK - Little Kijik River, LLCB -
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Little Lake Clark Beach, LTLK - Lower Tlikakila River) and 30 fish per sex from 13
populations in 2001. Measurements of hypural length (HL - mid-eye to posterior edge of the
hypural plate), body depth (BD - anterior insertion of the dorsal fin to belly at a 90° angle to
the lateral line), and snout length (SN - tip of snout to mid-eye) were taken on the left side of
each fish with calipers to the nearest mm.

Eggs of ripe and spawning females were collected from 11 to 42 fish from 13
populations in 2001. Eggs were immediately placed in 5% buffered formalin and stored for
63 to 125 days prior to processing. Salmonid eggs can be stored in this manner for at least
five months without increase in egg weight (Fleming and Ng 1987). Approximately 30 eggs
per fish were collectively weighed to the nearest gram by the same technician and balance
after removal of excess storage solution.

Spawning body color was assessed for approximately 30 fish per sex from 13
populations in 2001. Skin color on the left lateral dorsal hump was subjectively categorized
as orange, red, or pink by one of two observers; scores were repeatable both within and
between observers (P > 0.89). Egg color was categorized as the closest matching plate of
plates 1 through 5 of the Hoffman-La Roche Color Card for Salmonids (Roche Vitamins and
Fine Chemicals Division, Hoffman-La Roche Inc., Nutley, NJ) by the same observer. Egg
color measures were conducted without any biased expectation of darker eggs in specific
habitat types because the observer was unfamiliar with the Lake Clark system. Hoffman-La
Roche color scores are highly correlated with red measures given by a Minolta CR-100
chromameter (a*) and carotenoid concentration (Smith et al. 1992; Craig and Foote 2001).

Mean peak spawning time of each population was taken from Ramstad et al. (2004).
This date is the estimated mean date of peak spawning across years based on the presence of

gravid females during sampling.

4.3.3 Statistical Analyses

We first characterized spawning habitat variation by comparing abiotic habitat characteristics

among habitat types with one-way analysis of variance (ANOVA). Substrate counts are
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presented as proportions by size categories that sum to one within sites, but are independent
among sites.

Body depth, snout length, and egg size covary with body size and were adjusted to
common body lengths prior to statistical comparisons. Individual trait values were log,
transformed and compared among populations and habitat types by analysis of covariance
with log, HL as the covariate in SPSS“v.12.0 (SPSS, Inc., Chicago, Illinois, USA, Zar 1984).
When group slopes were equal, traits were adjusted to the grand sample mean body size
(519mm male morphology, S00mm female morphology, 507mm egg size) using the common
within group slope. Differences among groups will vary based on fish body size when groups
have unequal slopes. Thus, when group slopes were unequal, individual trait measures were
adjusted to three different body sizes (male morphology: 480mm, 519mm, 560mm; female
morphology: 484mm, 500mm, 524mm; egg size: 480mm, 507mm, and 530mm) with the

following equation:

b
Ly,

Tad;' = T:)bx(L i ]
obs

where T, is the adjusted trait size, T, is the observed trait measure, L, is the
hypural length to which the trait is being adjusted, L, is the hypural length observed, b is the
individual group slope.

We used principal components analysis (PCA) to initially establish the presence of
phenotypic divergence among fish spawning in different habitat types. Males (N =317
males, 59 to 90 per habitat type) and females (N = 176 females, 32 to 59 per habitat type)
were analyzed separately in MINITAB, version 11 (State College, PA) using the correlation
matrix of phenotypic traits (males: BD and SN adjusted to 519mm HL, spawning color, and
spawning time; females: BD and SN adjusted to 500 mm HL, egg size adjusted to 507mm

HL, spawning color, egg color, and spawning time). Significance of divergence among
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habitat types was assessed by comparison of 95% confidence intervals of principal
component scores.

Following multivariate analysis, we investigated phenotypic differences among
populations and habitats types for individual traits. Adjusted morphological traits and egg
size were compared among populations and habitat types with one-way analysis of variance
(ANOVA) followed by Tukey post-hoc multiple comparisons. Spawning and egg color were
compared among habitat types and to each other by log-likelihood ratio (LR), or G statistics,
for contingency tables with exact significance calculated using a Monte Carlo method. Egg
color scores are interval data and were compared among populations with one-way ANOVA
and Tamahane’s T2 post-hoc multiple comparisons. Egg size and egg color within females
were compared among populations and within habitat types with two-way ANOVA. Mean
peak spawning time (number of days from 1 Aug) was compared among habitat types with
one-way ANOVA. Likelihood ratio analysis and ANOVA were conducted in SPSS®.
Corrections for multiple comparisons were not applied beyond the post hoc tests described
above.

Correlations between mean spawner phenotypes and spawning habitat parameters
were assessed with simple regression. Two-tailed tests of significance were used in all
analyses except regression analyses testing predictions that specify direction of the effect (e.g.
substrate size is positively correlated with egg size).

Correlations among phenotypic divergence among populations, neutral genetic
divergence among populations, and spawning habitat type were assessed with simple and
partial Mantel tests (Smouse et al. 1986) in FSTAT version 1.2 (Goudet 1995) according to
Manly (1991). Phenotypic divergence among populations was calculated as Psr for body
depth, spawning color, and egg color. Morphological traits with unequal slopes among
populations (SN, egg size) were excluded from this analysis as results would vary with fish
body size. Spawning time Pgr could not be calculated because spawning time was estimated
for populations and not individual fish. For continuous data (body depth), phenotypic

variance components were estimated with one-way ANOVA in SPSS® and Pg; was calculated
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as Qgr but substituting twice the phenotypic variance among individuals within populations
for 26%Gw and the phenotypic variance among populations for 6’5 (McKay and Latta 2002;
Saint-Laurent et al. 2003).

For nominal (spawning color) and interval (egg color) data, phenotypic variance
components and Psr were calculated using the ANOVA framework developed for categorical
genetic data by Cockerham (1973). Traits were treated as haploid loci, phenotypic categories
within traits were coded as alleles, and pairwise Psy was calculated as pairwise Fsrin FSTAT
version 1.2 (Goudet 1995) according to Weir and Cockerham (1984). In the haploid case,
there is no variance among alleles within individuals. Thus, only the variances in allele
frequencies among and within populations are estimated and a ratio of the among population
and the total variances taken as an estimate of Fsr (Weir 1996). Because the data are not
normally distributed, the resulting statistic does not follow an F distribution and may not be
used to test for differences in group means (as is typically done with an ANOVA). However,
when used with phenotypic data, the ratio represents the proportion of total phenotypic
variation among individuals that is due to differences among the populations, or Psr.

Neutral genetic divergence among populations was calculated as pair-wise
microsatellite Fsr, computed in FSTAT according to Weir and Cockerham (1984), and taken
from Ramstad et al. (2004). Two spawning habitat matrices were defined as BT (beach or
tributary) and GNG (glacial or non-glacial) and coded for populations spawning in similar (0)
and different (1) habitat types. Psrand Fsy were log transformed after zero values were
reassigned a value of 0.0001 based on the smallest pair-wise Fsr detected in all population

comparisons.
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4.4 Results

4.4.1 Spawning Habitat Variation

We found significant variation in the physical parameters of the 13 spawning habitats
sampled (Table 1). Beaches and tributaries did not differ in mean turbidity (F,o =0.30, P =
0.87). However, water depth was deeper on average at beach than tributary spawning sites
(F1,7=15.94, P = 0.05) and beaches had a higher proportion of course substrate than tributary
spawning sites (F,; =4.29, P =0.08; Table 1). Priest Rock Creek (PRC) was unusual in that
it had a higher (Table 1) and more stable temperature throughout the year (data not shown)
than nearly all other habitats surveyed. With the exception of PRC, outlet tributaries and
beaches had higher mean incubation temperatures (2.9 + 0.6 °C 95% CI) than inlet tributaries
(1.5+0.6°C, F,4=45.71,P <0.01).

Turbidity during spawning was significantly elevated in glacial habitats relative to
non-glacial habitats (outlet tributaries included; F; ;; = 41.64, P < 0.001; Table 1).
Differences in turbidity were marginally significant for beach (F, ;= 8.00; P =0.07) and
highly significant for tributary (F, 4= 56.67; P < 0.01) habitats. Lack of data precluded
testing for differences in depth and substrate size between glacial and non-glacial beaches.
However, glacial tributaries tended to be shallower (0.39 + 0.14m 95% CI) than non-glacial
tributaries (0.52 + 0.23m; F, ,=4.86, P = 0.09) and did not differ in substrate size
composition from non-glacial tributaries (fine substrate: F;,=0.15, P=0.72; moderate : F,4
=0.78, P=0.43; course: F,,=0.45,P=0.54).

It was not possible to test for differences in incubation temperature between glacial
and non-glacial habitats because dataloggers in glacial habitats were rarely deployed and
recovered (2 recovered of 8 deployed) relative to those in non-glacial habitats (13 recovered
of 18 deployed). Dataloggers in glacial habitats typically did not remain buried in the stream
channel throughout the incubation period, but were later found in streamside locations nearby.
This suggests glacial spawning habitats of Lake Clark are less stable than non-glacial habitats

and experience the significant scour, flooding, and freezing associated with unstable flow
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regimes that are typical of glacial riverine habitats (Stanford and Ward 1992; Murphy et al.

1997).

4.4.2 Phenotypic Variation

Principal components analysis revealed that specific combinations of phenotypic traits are
found in different habitat types for both males and females (Figure 2). Beach and tributary
spawning fish were differentiated by the first principal component (PC) for males (not
significant between non-glacial beaches and glacial tributaries) and the second PC for females
(not significant between glacial beaches and non-glacial tributaries; Fig 2). Fish spawning on
beaches tended to have deeper bodies, longer snouts (males only), and later spawning times
than fish spawning in tributaries. Glacial and non-glacial spawning fish were differentiated
by the second PC for males (not significant for glacial beaches and non-glacial tributaries)
and the first PC for females (Fig 2). Fish spawning in glacial habitats tended to have
shallower bodies (males only), longer snouts (females only), lighter spawning color, darker

egg color, and later spawning times than fish spawning in non-glacial habitats.

Morphology

Male and female morphology were analyzed separately because sexes differed in BD and SN
(P <0.03). Years were pooled within sexes because interannual variation was significant for
only female SN between two populations (SBL and LKR; P < 0.04). There were significant
differences, but also broad overlap, among populations for both BD and SN within both
sexes.

Male BD increased with body size in all populations with a significant difference in
elevation (F,, 445=25.81, P < 0.001) but no difference in slope (Fy5 433=1.15, P =0.32)
among population regression lines. After adjustment to a common body size (519mm hypural
length), Upper Tlikakila River (UTLK), LTLK, and PRC males had the shallowest bodies and
Kijik Lake South Beach (KLSB), LKR, LLCB, and Chi Point Beach (CHI) males had the

deepest bodies (Table 2). Male SN increased with body size in all populations, but regression
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slopes differed among populations (Fy5 43,=3.22, P <0.001). Regardless of the body size to
which traits were adjusted, Tazimina River (TAZ), PRC, and Lake Clark Outlet (OUT) males
had the shortest snouts and CHI, Hatchet Point Beach (HPB), and LKR males had the longest
snouts (data not shown). Populations were sometimes extreme in multiple morphological
traits. For example, males spawning in PRC had small body sizes, shallow bodies, and short
snouts, while males spawning in LKR and LLCB had deep bodies and long snouts.

Female BD increased with body size in all populations with a significant difference
among regression lines in elevation (F,, 455= 14.60, P < 0.01) but not slope (Fj443=1.50, P>
0.10). Similar to the males, females of the KLSB, LLCB, and LKR had the greatest female
body depths of all populations surveyed after adjustment to a common hypural length
(500mm, Table 2). Female SN increased with body size in all populations, but regression
slopes differed (Fi440=1.90, P = 0.04). Little Kijik River females had the longest snouts and

KLSB females had the shortest snouts regardless of body size to which SN was adjusted.

Egg size

Egg size and body size were positively correlated in eight populations surveyed but were not
correlated in five others (Currant Creek (CC), CHI, Kijik River (KR), LTLK, and UTLK).
Thus, lines of regression between egg and body size differed among populations in slope
(F12304=3.27, P <0.01). Priest Rock Creek and UTLK females consistently had the smallest
eggs and HPB the largest eggs over all body sizes to which egg size was adjusted. Difference

in mean egg size among all other populations varied radically based on body size.

Spawning and egg color

Male and female spawning color were analyzed separately because sexes differed
significantly in spawning color frequencies (LR, =119.1, P <0.01). Males were almost
exclusively red (93 to 100% per population) with rare occurrences of pink (3 to 7%; Table 2),
and male color frequencies were similar among populations (LR ;= 12.2, P=0.17). Females

displayed red, pink, or orange body color with significant differences among populations in
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color frequencies (LR 4= 322.3, P <0.001). Females with orange body color were extremely
rare (frequency less than 1%). Thus, color differences among females were summarized as
simply the frequency of pink females by population (Table 2). Nine of 13 populations had a
majority of red females (85 to 100%) while four populations (CC, LLCB, LTLK, UTLK) had
a majority of pink females (57 to 97%; Table 2).

Eggs varied in shade from light to dark orange and egg color (shade of orange)
differed significantly among populations (LR 4= 195.90, P < 0.001). Tazimina River, PRC,
and HPB populations had lighter mean egg color and the KLSB population had a darker mean
egg color score than other populations surveyed (Table 2). Egg size and egg color were
independent. Two-way ANOVA revealed that egg weight differed significantly among
habitat types (F4, 300 = 3.3, P = 0.01) but not among egg color categories (F4300 = 1.0, P =
0.43) within habitat types. In addition, there was broad overlap in mean egg weight among
populations and habitat types within each egg color category. For example, PRC and HPB
females had some of the lightest mean egg color scores, but PRC had the smallest and HPB
the largest mean egg size among populations.

Female body color and egg color were negatively correlated (F; ;53 = 11.0, P <0.01)
and the distribution of egg color scores between red and pink females differed significantly
(LR;=13.08, P<0.01). Eggs were lighter in color among red females (mean egg color
scores glacial: 2.13 +0.35 95% CI; non-glacial: 2.20 + 0.21) than pink females (2.69 + 0.23;

F2~187 = 552, P< 001, Figure 3)

Spawning time
Peak spawning occurred between 25 August and 12 October for surveyed populations
between 1999 and 2001 (Table 2). Tazimina River and SBL populations spawned earliest and

HPB, PRC, LLCB, and LTLK populations spawned latest.

4.4.3 Comparison of Phenotypic and Habitat Variation

Beach and tributary habitats
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Morphology.— Beach spawning males and females had significantly deeper bodies and
longer snouts than tributary spawning males and females. Slopes of regression of female SN
on body size differed between beach and tributary populations (Table 3). However, beach
spawning females had greater SN than tributary spawning females regardless of body size to
which SN was adjusted (F 357 > 15.74, P <0.01, data not shown). Differences in BD and SN
were greater between males than females. Beach spawning males had 9% greater BD and 4%
greater SN than tributary spawning males while beach spawning females had 6% greater BD
and 3% greater SN than tributary spawning females. Body depth increased with water depth
for both sexes; the relationship was significant among males (F,; 3= 3.80, P = 0.04, R* = 0.32)
but not females (F;g=1.05,P=0.17, R*=0.12). Snout length was not correlated with water

depth in either sex (P > 0.19).

Egg size— Beach spawners had 8% larger eggs at all body sizes than tributary spawners.
Egg size increased with body size in both beach and tributary fish, with a significant
difference in elevation but not slope between regression lines (Table 3). Egg size was larger
among beach spawners due primarily to PRC, a tributary population with exceptionally small
eggs. Egg size was still larger among beach than tributary spawning fish after the removal of
PRC (mean egg size beaches: 0.115gm, 0.112 —0.117 95% CI; tributaries: 0.108, 0.106 —
0.110), though the difference was only marginally significant (P = 0.09). Egg size and
proportion of fine substrate were negatively correlated (F; = 10.24, P < 0.01, R* = 0.56).
This relationship was driven by PRC and UTLK, two tributary habitats with small mean egg

size and a preponderance of fine substrate.

Spawning and egg color. — Spawning color did not differ between males (LR ;= 1.3, P =
0.34) but differed significantly between females (LR,= 9.3, P <0.01) spawning in beach and
tributary habitats. The difference in female color reflected a higher frequency of red and a

lower frequency of pink females in beach (red = 78%, pink = 22%) than tributary populations
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(red = 63%, pink = 36%; Table 2). Female body color was not correlated with either water
depth or substrate size (P > 0.82).

Beach spawning females had significantly darker eggs than tributary spawning
females (LRy4=12.5, P =0.01; Table 2) due to the darker eggs of the KLSB population.
Beach and tributary populations did not differ in egg color when KLSB was removed (LR,=
5.1, P =0.30) and egg color was not correlated with either water depth (P = 0.81) or substrate

size (P =0.43).

Spawning time. — Mean peak spawning date did not differ between beach and tributary
spawning populations (F; 9= 0.03, P = 0.87; Table 2). Mean incubation temperature and

mean peak date of spawning were not correlated (P = 0.20).

To summarize, salmon populations spawning on Lake Clark beaches had deeper bodies,
longer snouts, larger eggs, and higher frequencies of red females than salmon populations
spawning in Lake Clark tributaries. Spawning site water depth was positively correlated with
fish body depth and proportion of fine substrate was negatively correlated with egg size.
Correlations with measured habitat characteristics could not account for differences in snout

length or spawning color between beach and inlet tributary populations.

Glacial and non-glacial habitats

Morphology.—Glacial beach spawning fish had similar BD and greater SN than non-glacial
beach spawning fish (Table 3). Regression lines of BD on body size did not differ in slope or
intercept between glacial and non-glacial beach spawning males or females. However, slopes
of SN regressed on body size differed between males and were similar between females
spawning in glacial and non-glacial beach habitats. Glacial beach males had snouts 1 to 5%
longer (3 to 7mm) than non-glacial beach males when adjusted to all but the smallest body

sizes (480mm: F, ;= 0.83, P=0.36; 519.1mm: F, 3, =14.20, P <0.01; 560mm: F, ¢, =
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45.32,P <0.01). Glacial beach spawning females had snouts approximately 3% longer
(2mm) than non-glacial beach spawning females at all body sizes.

Males spawning in glacial inlet tributaries had shallower bodies and longer snouts
than males spawning in non-glacial inlet tributaries but glacial and non-glacial tributary
females did not differ in BD or SN (Table 3). Lines of regression for male BD and SN on
body size had similar slopes but different intercepts between glacial and non-glacial tributary
populations. After correction to equal body size, males spawning in glacial tributaries had
approximately 4% reduction in BD (9mm) and 5% increase in SN (5mm) relative to males
spawning in non-glacial tributaries (Table 3). Among females, BD and body size regression
lines had equal slopes and intercepts while SN and body size regression slopes differed
between glacial and non-glacial tributary populations. Mean SN was greater among glacial
than non-glacial tributary females after correction to multiple body sizes, but differences were
not significant (P > 0.47). Body depth and SN were not correlated with turbidity in either
males or females overall (P > 0.13), but SN was correlated with turbidity among tributary

males (P = 0.05).

Egg size—Egg size did not differ between glacial and non-glacial beach spawning
populations, but the relationship between egg and body size differed significantly between
glacial and non-glacial tributary populations (Table 3). Regression lines of egg size on body
size for glacial and non-glacial beach populations did not differ in slope or intercept.
However, slopes of egg size regressed on body size differed between glacial and non-glacial
tributary populations because egg size increased with body size in two non-glacial tributary
populations (TAZ, PRC) but was independent of body size in another non-glacial (KR) and
all three glacial tributary populations. Thus, mean egg size was greater in glacial than non-
glacial tributary populations at small body size (480mm: F, 5, = 6.08, P = 0.02) and vice
versa at large body size (though not statistically significant; 530mm: F, ;5,=2.2, P =0.14).
There was no correlation between mean egg size and turbidity at any body size to which egg

sizes were adjusted (P > 0.29).
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Spawning and egg color.—Males spawning in glacial and non-glacial habitats did not differ
in body color (beach: LR =5.7, P =0.06; tributary: LR;=1.3, P =1.0). Males were
primarily red; pink body color was rare among males (3 to 7% per population) and observed
only in glacial habitats (Table 2). In contrast, there were significant differences between
glacial and non-glacial spawning populations in female body color frequencies (beach: LR ;=
77.1, P <0.001; tributary: LR,=132.2, P <0.001). The majority of females in glacial
habitats were pink (beach = 67%, tributaries = 72%), while all of the non-glacial spawning
females were red (Table 2).

Egg color did not differ between glacial and non-glacial beach populations (LR 3=
5.1, P =0.18). However, glacial tributary populations had significantly darker eggs than non-
glacial tributary populations (LR 4=45.3, P <0.01) due to lighter colored eggs in the PRC and
TAZ populations than other tributary populations surveyed (Table 2).

Turbidity was highly correlated with female body color (F, ;= 42.06, P <0.001, R®
= 0.79; Figure 4A) among all populations surveyed and with mean egg color among inlet
tributary populations (F, ;= 8.05, P = 0.02, R* = 0.67; Figure 4B). Egg color still increased
with turbidity when all populations were considered, but the correlation was not significant (P

= (.23; Figure 4B).

Spawning time. —Peak spawning occurred later among glacial (3 Oct, 95% CI 17 Sept to 20
Oct) than non-glacial habitats (17 Sept, 6 to 28 Sept). This trend was evident but not
significant within beach and tributary habitats types (P > 0.13) and was marginally significant
overall (F, o= 3.52, P = 0.09; Table 2). Mean peak spawning date was positively correlated

with turbidity (F, = 3.47, P = 0.04, R> = 0.24; Figure 4C).

In summary, salmon populations spawning in glacial habitats had longer snouts, higher
frequencies of pink females, and later spawning times than salmon populations spawning in

non-glacial habitats. In addition, salmon populations spawning in glacial tributaries had
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shallower bodied males, different egg size allometries, and darker colored eggs than salmon
populations spawning in non-glacial tributaries. Spawning site turbidity was correlated with
male SN (tributary habitats only), female body color, egg color (tributaries only), and
spawning time (beach and tributary habitats pooled). Differences in water turbidity could not

explain differences observed in additional morphological traits or egg size.

Comparison of phenotypic and neutral genetic divergence
Mean Pgr was not correlated with mean Fr for male or female BD or male body color (P >
0.19) but was correlated with mean Fisr for female body color and egg color (P < 0.06). Body
depth Py was correlated with the BT habitat matrix (males: P <0.01, females: P =0.06) but
not the GNG habitat matrix (P > 0.30 males and females). A model including both the BT
and GNG habitat matrices explained the most variation in body depth Psz of all models
considered (R* = 0.13 males, 0.05 females), but little more than that explained by the BT
matrix alone (R* = 0.12 males, 0.04 females). In contrast, spawning color was not
significantly correlated with the BT habitat matrix (P > 0.18 males and females) but was
correlated with the GNG habitat matrix (P < 0.01 males and females). The GNG habitat
matrix explained little if any variation among males (R* < 0.01) and the majority of variation
among females (R* = 0.63) in spawning color Ps;. Female body color was more closely
associated with the GNG habitat difference (P < 0.001, R’= 0.63) than Fgr (P =0.06, R?=
0.05), and adding Fi; to a model including only the GNG habitat matrix did not increase R’
appreciably (R* = 0.67 for model with both GNG and Fs;). Egg color was not correlated with
either habitat matrix (P > 0.23), regardless of whether we first removed the variation
explained by Fir.

Body depth Psrexceeded Fsr in comparisons between and within beach and tributary
habitat categories for both males and females (Figure 5A). Mean body depth Pg; was greater
between beach and tributary populations than among populations of similar habitat types.

This was significant for both beach and tributary populations in males and for tributary
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populations in females. The greatest body depth Psr was observed between beach and
tributary spawning males.

Male and female spawning color Psr was undefined among non-glacial populations
because all fish were red. Male spawning color Psr was significantly less than Fgr in
comparisons of glacial and non-glacial populations but similar to Fgr in comparisons among
glacial populations (Figure 5B). Female spawning color Psr exceeded Fsr in comparisons
between glacial and non-glacial populations and among glacial populations. In females,
spawning color Pgr was significantly greater in comparisons of glacial and non-glacial
populations than in comparisons of glacial populations but the two Pgr values were similar in
males. Egg color Pgr significantly exceeded F'sr in all comparisons and was significantly

greater among non-glacial populations than among glacial populations (Figure 5B).

4.5 Discussion

Our data suggests local adaptation of Lake Clark sockeye salmon to beach, tributary, and
glacial spawning habitats. Phenotypic divergence among populations is correlated with
differences in spawning habitat, independent of neutral genetic divergence among
populations, and, for most traits, greater than expected based on genetic drift alone.
Phenotypic plasticity is an unlikely source of phenotypic differences among populations
because Lake Clark sockeye salmon rear as juveniles in a common nursery lake (Schlenger
1996), collectively outmigrate to sea as smolt (Orrell 1963; Woolington et al. 1990), spend
their adult lives in a common oceanic environment (French et al. 1976; Burgner 1980), and
return synchronously to Lake Clark to spawn (Burgner 1980; Jensen and Mathisen 1987).
Thus, there is little opportunity for populations to experience different environments. In
addition, the phenotypic traits measured for this study have an additive genetic basis, are
directly related to spawning, and are fully developed prior to fish arriving at spawning
habitats they have only previously encountered during their earliest developmental stages 3 to

4 years prior.
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4.5.1 Lake Clark founder event

Eleven of the thirteen populations included in this study exhibit a common genetic bottleneck
signal due to a founder event associated with the colonization of Lake Clark by sockeye
salmon (Ramstad et al. 2004). Genetic bottleneck effects can decrease variation in
quantitative traits with a strong additive genetic basis (Wright 1969; Crow and Kimura 1970;
Lande 1980) and increase variation in quantitative traits with strong epistatic or dominant
genetic effects (Goodnight 1987; Willis and Orr 1993; Armbruster et al. 1998). If the Lake
Clark founder event had a lasting effect on quantitative trait variation, we should observe
phenotypic divergence between those populations that were commonly founded and those that
were not (OUT and TAZ). We found no evidence of such a pattern. Thus, genetic drift due
to the Lake Clark founder event cannot explain the observed patterns of phenotypic
divergence among populations of Lake Clark sockeye salmon. In addition, the genetic
bottleneck associated with colonization of Lake Clark is mild (decrease in microsatellite
heterozygosity of < 5%) and old ( > 100 sockeye salmon generations; Ramstad et al. 2004)
and should not affect the ability of populations to adapt locally.

Commonly founded populations have provided some of the best evidence of rapid
adaptive divergence in salmon because phenotypic divergence due to selection must have
arisen since populations became established (Quinn et al. 1996; Kinnison et al. 1998; Hendry
et al. 2000b; Quinn et al. 2000). These studies suggest that local adaptation can occur quickly
(e.g. 13 generations in Lake Washington sockeye salmon) and be present among populations

that exhibit little neutral genetic divergence (Hendry et al. 2000b; Stockwell et al. 2003).

4.5.2 Beach and tributary habitats

Body depth and egg size differed significantly between sockeye salmon spawning in beach
and tributary habitats of Lake Clark. Mean body depth was positively correlated with water
depth and fish spawning on beaches had deeper bodies than those spawning in tributaries.
Mean egg size was positively correlated with substrate size and fish spawning on beaches had

larger eggs than fish spawning in tributaries. This pattern has also been found among sockeye
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salmon in other freshwater systems (Blair et al. 1993; Quinn et al. 1995; Hamon et al. 2000;
Hendry et al. 2000b; Quinn et al. 2001).

Differences in body depth between beach and tributary spawning populations is
hypothesized to be due to differential trade-offs between sexual and natural selection. Sexual
selection favors large males with deep bodies (Darwin 1871; Foote 1990; Fleming and Gross
1994; Quinn and Foote 1994; Hamon and Foote 2005). However, bear predation is higher in
tributary than beach habitats and tends to select against large, deep bodied males (Quinn and
Kinnison 1999; Gende at al. 2001; Quinn et al. 2001). In addition, deep bodied males may
have difficulty gaining access to shallow spawning tributaries (Hamon and Foote 2005).
Thus, males with deep bodies are selected against in shallow tributary spawning habitats
while beach spawning populations appear to freely develop exaggerated dorsal humps (Blair
et al. 1993; Quinn et al. 2001).

Mean egg size differences among beach and tributary spawning populations have
been attributed to oxygen limitation and selection on body size of emergent fry. Redds
constructed in fine substrate (e.g., tributaries) have lower porosity, poorer water circulation,
and lower dissolved oxygen concentration than redds constructed in course substrate
(Chapman 1988). Smaller eggs may be favored under these conditions because they have
reduced metabolic oxygen demands, have more efficient oxygen uptake due to their high
surface area to volume ratio, and produce small emergent fry able to navigate the small
interstitial spaces of the redd (Phillips et al. 1975; Hausle and Coble 1976; Hutchings 1991).
The opposite is expected for eggs in course substrate redds (e.g., beaches) where high oxygen
availability allows for larger eggs with smaller surface area to volume ratios and large
emergent young.

We observed what appears to be the smallest mean egg size yet documented for this
species in the Priest Rock Creek population of Lake Clark (83.8 mg adjusted to hypural
length of 450mm, Burgner 1991; Hilborn et al. 2003). Priest Rock Creek is a tributary with
exceptionally fine substrate (66% < 4 mm) owing to a series of beaver dams that reduce water

flow. The stable, warm water temperature of Priest Rock Creek suggests significant influence
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of upwelling, spring-fed ground water which could combine with small egg size to
compensate for the smothering effects of fine substrate (Quinn et al. 1995).

Taken together, these data support the view that sockeye salmon in Lake Clark have
adapted locally to beach and tributary spawning habitats. The parallel pattern of divergence
among beach and tributary spawning populations in multiple freshwater systems cannot be
due to random genetic drift. Additionally, divergence in male and female body depth is
significantly greater than can be explained by neutral genetic drift alone and greater between
than within beach and tributary habitat types. The data also suggest heterogeneity in strength
and/or direction of selection within beach and tributary habitats. Body depth Psr exceeds
neutral Fsr in population comparisons within beach and tributary habitat types and correlation

with spawning habitat type explains only 4 to 12% of the variation in body depth Pgr.

4.5.3 Glacial habitats

In this study we present the first evidence of local adaptation of sockeye salmon to glacial
spawning habitats. In Lake Clark and generally, glacial habitats have elevated turbidities, less
stable flow regimes, siltier substrates, and lower temperatures than non-glacial habitats
(Burgner 1991; Stanford and Ward 1992; Murphy et al. 1997). Fish spawning in glacial
habitats in Lake Clark had longer snouts, different egg size allometries, lighter spawning
color, darker egg color, and later spawning times than fish spawning in non-glacial habitats of
Lake Clark. Male snout length, female spawning color, egg color, and spawning time were
all significantly correlated with spawning habitat turbidity. Spawning color Py was greater
than Fgr for females and less than Fsr for males in comparisons between glacial and non-
glacial habitats. This suggests that selection favors different phenotypes among females
spawning in glacial (pink spawning color) and non-glacial habitats (red spawning color) and
the same phenotype among males (red spawning color) in both types of habitat.

In Pacific salmon, spawning time differences among populations are thought to be
adaptive because they are positively correlated with incubation temperature and, thus, allow

young to emergence synchronously at optimum foraging time in spring (Brannon 1987). In
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sockeye salmon, warmer incubation temperatures typically promote later spawning times in
beach and outlet tributary habitats than inlet tributary habitats (Wood 1995). Spawning time
did not differ among Lake Clark beach, outlet, and inlet tributary populations, but was later in
glacial than non-glacial populations. Our data will not allow us to test if this difference is
correlated with incubation temperature. However, we suggest three mutually inclusive
hypotheses that may explain the later spawning times of glacial populations. First, glacial
populations tend to spawn in areas of upwelling groundwater (Lorenz and Eiler 1989) which
likely promotes relatively warm and constant incubation temperature and allows glacial
populations to spawn later but still synchronize their emergence time with other Lake Clark
populations. Second, glacial habitats may have lower or similar incubation temperatures and
later optimum emergence times than non-glacial spawning habitats. Finally, spawning time
in glacial habitats may be more tightly constrained by a window of opportunity for adults to
spawn rather than for young to emerge. For example, spawning in glacial tributaries of Lake
Clark coincides with, and may be constrained by, an annual dramatic decrease in turbidity
(Young 2004).

Snouts are used as intrasexual weapons by both male and female sockeye salmon,
and snout length is positively correlated with spawning density (Fleming and Gross 1989).
We have no reason to believe, however, that spawning density is greater in glacial than non-
glacial populations of our study. Further, redd size tends to decrease and spawning color
intensity increase with spawning competition (Mathiesen 1962; Fleming and Gross 1989), but
sockeye salmon construct larger redds (Lorenz and Eiler 1989) and have lighter spawning
color in glacial than non-glacial habitats. These data suggest that fish spawning in glacial
habitats may perceive low spawning density because their ability to see competitors is
reduced. Thus, difference in breeding competition is an unlikely explanation for why fish in
glacial habitats have longer snouts than fish in non-glacial habitats. More likely, low
visibility in glacial habitats reduces the ability of individuals to avoid aggressive encounters
through visual displays of body size and status and promotes increased investment in the

development of weapons. Reduced body depth among males spawning in glacial tributaries
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(relative to non-glacial tributaries) is consistent with this view as is the lighter spawning color

among females of glacial populations.

4.5.4 Significance of spawning and egg color

Carotenoids are lipid soluble antioxidant pigments that protect tissues from oxidative damage
and help regulate immune response (Olson and Owens 1998; Blount et al. 2000; but see
Hartley and Kennedy 2004). Animals cannot synthesize darotenoids de novo but must
acquire them through diet, which is a costly process because they are a limited resource that is
relatively rare in nature. Thus, carotenoid-based sexual signals are thought to be honest
signals of the fitness and status of individuals (Olson and Owens 1998). It is also important
to provision eggs with carotenoids to improve the immune response and survival of young
(Blount et al. 2000; Blount et al. 2002). Many organisms concentrate carotenoids in their
eggs at the expense of their own body color and, potentially, effective immune response
(Green 1965; Royle et al. 2003).

Sockeye salmon deposit carotenoids in both their skin and eggs in preparation for
spawning. Deposition of carotenoids in the skin results in red spawning color that is
important for mate recognition and mate choice (Craig and Foote 2001; Foote et al. 2004).
Both males and females have a keen ability to see red while spawning (Novales-Flamarique
2000), and males preferentially mate with the reddest female available (Foote et al. 2004).
Lighter spawning color among glacial fish has not been previously reported, but has been
previously observed in female sockeye salmon of the Taku River (D. Martin, pers. comm.
2005) and both male and female pink salmon (Oncorhynchus gorbuscha) in Wolf Point Creek
of Glacier Bay (C. Kondzela, pers. comm. 2005). In Lake Clark, male spawning color is
generally red regardless of spawning habitat type, female spawning color is red in non-glacial
habitats, and female spawning color is light pink in glacial habitats. Why might we observe
such a pattern?

Differences in diet and/or ability to utilize carotenoids can cause differences in

spawning color (red and white Chinook salmon - Withler 1986, sockeye salmon and kokanee
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- Craig and Foote 2001, piscivorous and planktivorous kokanee — Miller et al. in press) but
are not likely the cause of spawning color differences between glacial and non-glacial salmon
populations. Glacial and non-glacial habitats may differ in the amount of dietary carotenoids
available, but the primary source of carotenoids in sockeye salmon is their diet while at sea
(Craig and Foote 2001), and we have no reason to believe glacial females are segregated from
other sockeye salmon while at sea. In addition, ability to use dietary carotenoids to produce
red spawning color is a genetically based trait that has been shown to vary among populations
and morphs within species, but not between sexes within populations (Withler 1986; Craig
and Foote 2001).

Our data are consistent with an apparent trade-off between body and egg color in
female sockeye salmon (Crozier 1970; Craig and Foote 2001). Thus, color differences
between glacial and non-glacial spawning females could be due to (1) relaxed selection for
red spawning color, (2) selection for lighter spawning color, and/or (3) selection for greater
egg carotenoid concentration in glacial habitats.

Selection for red spawning color may be relaxed in glacial habitats because visual
signals in general are not effectively transmitted in glacially turbid waters. We did not test
the visual acuity of salmon or measure the spectral properties of glacial and non-glacial
waters. However, we did observe that glacial spawning fish were not able to see us, our
fishing nets, or seemingly each other, as well as fish spawning in non-glacial habitats. Red
body color is a common signal in freshwater fishes but becomes ineffective when increased
turbidity renders it invisible (Seehausen et al. 1997). In addition, visual signals are only
effective when they contrast strongly with their background and it is possible that red does not
contrast well against milky blue glacial waters. Clear freshwater transmits UV blue light
most effectively and contrasts strongly with red and yellow light. Tannin stained and turbid
waters do not contrast well with red color and loss of red nuptial color has been observed in
three-spine stickleback (Gasterosteus aculeatus) and bluefin killifish (Lucania goodie) males
that inhabit these types of habitats (Boughman 2001; Fuller 2002). In addition, variation in

vision physiology is associated with spawning behavior in sticklebacks (Boughman 2001) and
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has an genetic basis in blue killifish (Fuller et al. 2005) suggesting that sensory systems
themselves evolve in response to selection.

Alternatively, glacial habitats may select for lighter spawning color through
predation. Bears may preferentially prey on red fish if pink spawning color does not contrast
with the light, milky blue color of glacial waters as much as red spawning color. Black bears
(Ursus americanus) have color vision (Bacon and Burghardt 1976), so it is likely that Lake
Clark brown bears (Ursus arctos) use color vision when fishing for salmon. Predation has
been implicated in promoting different amounts of red nuptial color in guppy (Poecilia
reticulate, Endler 1995; Endler and Houde 1995) and Diaptomus copepod (Hairston 1979)
populations. Differentiating between relaxed sexual selection for red and increased natural
selection for pink spawning color will require analysis of the spectral properties of glacial
water, and in particular, the ability of sockeye salmon and brown bears to differentiate shades
of red in glacial water.

Finally, female body color may differ between glacial and non-glacial spawning
populations as a by-product of selection on egg carotenoid concentration. While there are no
heritability estimates available for egg color or egg carotenoid concentration per se, the
ability of sockeye salmon to turn tissues red with carotenoids is highly heritable, does not
differ between sexes, and is not due to maternal effects (Craig and Foote 2001). Recall also
that plasticity is an unlikely source of phenotypic variation among Lake Clark sockeye
salmon populations. These observations suggest that carotenoid partitioning among tissues is
itself a trait under additive genetic control and, therefore, responsive to selection. Eggs and
pre-emergent fry in glacial redds may experience lower dissolved oxygen concentrations and
increased levels of free radicals because glacial habitats tend to have fine substrate and poor
inter-gravel water circulation. These conditions could result in selection for higher carotenoid
concentration in eggs and a differential partitioning of carotenoids to body and egg color
between fish spawning in glacial and non-glacial habitats.

We currently cannot differentiate among the three hypotheses outlined above.

However, the most parsimonious explanation is simply relaxed selection for bright red visual
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signals in glacial habitats. Why, then, do we observe duller spawning color among only
females in glacial habitats? First, males may indeed have lighter spawning color in glacial
than non-glacial habitats with the difference being subtle and undetectable visually. The
human eye cannot distinguish among red hues above a relatively low threshold of carotenoid
concentration and males may differ in spawning color beyond this threshold (Smith et al.
1992). Secondly, similar spawning color selection would likely affect males and females
differently because males have no alternative use for their carotenoids while females must
partition their carotenoids between themselves and their young. These observations suggest
that local adaptation of sockeye salmon to glacial spawning habitats involves reduced
intensity of visual signals and increased weapon size. Because visual displays are not
effective in avoiding aggressive encounters, individuals must arm themselves with effective

weapons.

4.5.5 Conclusions

Phenotypic divergence among spawning populations of sockeye salmon is likely the product
of local adaptation. The data provide additional evidence of beach and tributary ecotypes
already reported in the literature, as well as the first evidence of a glacial ecotype of sockeye
salmon. Local adaptation to glacial spawning habitats suggests that part of the reason
sockeye salmon are excellent colonizers is that they can adapt quickly to highly unstable,
geologically young habitats. As E. O. Wilson stated (1965), “To be a superb colonizer, one
must not only scatter a large fraction of each generation into lethal habitats; one must also
adapt to the comparatively unstable habitats...that form the main ports of entry into new
regions”. Glacial habitats are ephemeral and will slowly become non-glacial and lose their
turbidity over geologic time. Sockeye salmon currently spawning in glacial habitats may
slowly take on the characteristics of non-glacial spawners, reverting to red spawning color, as

visibility increases in glacial habitats.
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Figure 4-1 Map of Lake Clark, Six-mile Lake, and Lake Iliamna with sampling sites shown.
Sites are numbered from downstream to upstream, and coded for spawning habitat type (B =
beach; IT = inlet tributary; OT = outlet tributary) and genetic population structure (open =
[liamna/Six-mile Lake group; grey = Sucker Bay Lake; black = Lake Clark group), refer to

Table 1 for population names.

Figure 4-2 Principal components analysis of morphological (body depth, snout length,
spawning color), life history (egg size), and behavioral (spawning time) traits of male and
female sockeye salmon in Lake Clark, Alaska. Points represent mean component scores by
spawning habitat type coded as non-glacial beaches (<>, N = 89 males, 42 females), non-
glacial inlet tributaries (OO, N = 79 males, 43 females), glacial beaches (®, N = 59 males, 32
females), and glacial inlet tributaries (M, N = 90 males, 59 females). Percentages in
parentheses indicate amount of variation explained by each principal component; bars

represent 95% confidence intervals.

Figure 4-3 Mean egg color score for female sockeye salmon with red (black points) and pink
(grey points) spawning color in glacial and non-glacial habitats of Lake Clark, Alaska. Bars
represent 95% confidence intervals, egg color scores are the closest matching of plates 1
(lightest) through 5 (darkest) of the Hoffman La-Roche color card for salmonids (Roche

Vitamins and Fine Chemicals Division, Hoffman-La Roche Inc., Nutley, NJ).

Figure 4-4 Correlation between turbidity during spawning and (A) percent of female sockeye
salmon with pink body color, (B) mean egg color (by visual color score, statistics and dashed
line for inlet tributary populations only), and (C) relative peak spawning time (number of days

since 1 Aug) by habitat type.

Figure 4-5 Comparison of mean pair-wise Pgr and Fsr of sockeye salmon spawning within

and between (A) beach and tributary and (B) glacial and non-glacial habitats of Lake Clark,
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Alaska. Significant deviation of Py from Firis noted with an asterisk (*). Letters represent

significant differences among Pgr values and are based on 95% confidence intervals (bars).
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