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The life histories of migratory species such as salmonids, sea turtles, and birds often
involve return migrations between feeding and natal habitats. These natal homing behaviors are
known to produce structured metapopulations, where geographic and demographic barriers result
in non-random mating among many locally adapted subpopulations. The resulting spatial and
temporal diversity across heterogeneous landscapes can buffer metapopulations against disruptive
events that influence any one subunit. Dispersal and gene flow within and between subpopulations
can reduce fitness losses due to inbreeding depression, influence rates of adaptation, and facilitate
colonization or recolonization of newly available habitat. However, an understudied aspect of

metapopulation biology is the influence of biotic and abiotic factors that lead to genetic structure



within and between subpopulations, and the effects of this structure on fitness. Therefore, the
overall goal of this thesis was to investigate how environmental, behavioral, and life-history
variation might influence dispersal, population structure, and fitness within and between
subpopulations. To accomplish this goal, dispersal within and between two proximate stream-
spawning populations of Sockeye salmon (Oncorhynchus nerka): A and C Creeks on the Wood
River System, Bristol Bay, AK was studied over two complete generations of returning adults.
First, a panel of 172 SNP loci was developed (genotyping-in-thousands by sequencing; Chapter
One) and used to reconstruct a pedigree from fish returning over a 14-year period, and to identify
dispersers between the two populations. Second, we investigated the drivers and fitness
consequences of dispersal between A and C Creeks and found that return timing to spawning
grounds and within-season variation in predation and population density influenced dispersal
between the two populations (Chapter Two). Fitness consequences of dispersal depended on the
direction dispersers moved; moving from A to C increased absolute fitness of dispersers (compared
to individuals in their natal population) but decreased their relative fitness (compared to individuals
in their new spawning population), while moving from C to A decreased absolute fitness but
increased relative fitness. From these results, we concluded that dispersal was an active process in
response to environmental cues and that gene flow was affected by habitat differences and within-
season variation in ecological processes. Third, we aimed to examine the extent, drivers, and
fitness consequences of population structure within the two streams. To achieve this aim, we
quantified the scale of structure, the effect of natal homing on structure, and the fitness outcomes
of homing to, and dispersing from natal sites (Chapter Three). Both spatial and temporal genetic
structure was evident within both streams, and this structure was partly explained by adults
returning to the same place and at the same time as they were fertilized as eggs. In addition,
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phenotypes of body size and return timing were spatially segregated within the creeks. In one of
the two creeks, adults returning to spawn near natal sites had greater fitness. Taken together, we
concluded that these findings provided empirical evidence for how natal homing and
heterogeneous habitat may lead to assortative mating systems and possible microgeographic
adaptation on very small spatial and temporal scales. In other words, natal homing and dispersal
within populations may result in genetic or phenotypic neighborhoods and affect fitness. Finally,
we discuss the utility of these findings for predicting responses of natural populations to future
environmental and anthropogenic changes such as harvest, climate change, and supportive

breeding.
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Chapter 1. POWER OF A DUAL-USE SNP PANEL FOR PEDIGREE
RECONSTRUCTION AND POPULATION
ASSIGNMENT

Authors: Samuel A. May, Garrett J. McKinney, Ray Hilborn, Lorenz Hauser, and Kerry A.

Naish

1.1  ABSTRACT

The use of high-throughput, low-density sequencing approaches has dramatically increased
in recent years in studies of eco-evolutionary processes in wild populations and domestication in
commercial aquaculture. Most of these studies focus on identifying panels of SNP loci for a single
downstream application, whereas there have been few studies examining the trade-offs for
selecting panels of markers for use in multiple applications. Here we detail the use of a
bioinformatic workflow for the development of a dual-purpose SNP panel for parentage and
population assignment, which included identifying putative SNP loci, filtering for the most
informative loci for the two tasks, designing effective multiplex PCR primers, optimizing the SNP
panel for performance, and performing quality control steps for downstream applications. We
applied this workflow to two adjacent Alaskan Sockeye Salmon populations and identified a
GTseq panel of 142 SNP loci for parentage and 35 SNP loci for population assignment. Only 50-
75 panel loci were necessary for >95% accurate parentage, whereas population assignment
success, with all 172 panel loci, ranged from 93.9% to 96.2%. Finally, we discuss the trade-offs
and complexities of the decision-making process that drives SNP panel development, optimization,

and testing.



1.2 INTRODUCTION

Single nucleotide polymorphisms (SNPs) have become commonplace in ecological and
evolutionary studies and are particularly useful for pedigree reconstruction and individual
assignment to populations (Seeb et al. 2011a). The use of pedigrees in evolutionary studies has
rapidly expanded, especially in investigations related to fitness and genetic diversity of wild
systems. For example, pedigrees may be used to estimate inbreeding depression, relatedness, and
individual reproductive success, and they are used in parentage-based population assignment
(Pemberton 2008; Richards-Zawacki et al. 2012; Hipperson et al. 2017) and close-kin mark
recapture studies (Bravington et al. 2016). While useful, the reconstruction of wild pedigrees can
be constrained by processing time and the expense of obtaining molecular data for thousands of
individuals. There may also be limitations associated with sampling all individuals in a population
over multiple generations because of logistic constraints. Individuals might disperse between
interconnected populations, which can confound data analyses but may also provide key
information on the contribution of immigrants to population fitness (Peterson et al. 2014). As such,
coupling pedigree reconstruction with approaches that assign individuals to their population of
origin (population assignment) can aid in describing broader evolutionary processes across
interconnected populations.

Despite the benefits of combining pedigrees with population assignments, the two
objectives require different population allele frequencies for optimal performance. Pedigree
reconstruction benefits from loci with high minor allele frequencies (Anderson & Garza 2005;
Holman et al. 2017), whereas population assignment benefits from highly differentiated loci

between populations (Anderson 2010). This ascertainment bias (Bradbury et al. 2011, Seeb et al.



2011b) introduced by selecting loci for a specific purpose may limit their applications in other
analyses and produce important trade-offs in the design of multi-use SNP panels.

Several high-throughput sequencing technologies have been developed in recent years that
allow thousands of individuals to be pooled in a single lane of sequencing and genotyped at
hundreds to thousands of SNP loci (e.g., GTseq, Campbell et al. 2015; Rapture, Ali et al. 2015;
and MTAseq, Onda et al. 2018). These approaches require the selection of specific subsets of loci
and optimization of primers prior to sequencing but substantially reduce the cost of genotyping
per individual, because the number of loci that can be reasonably included is limited to a few
hundred (Meek & Larson 2019) by problems arising from non-specific heterodimer formation
(Aykanat et al. 2016), unequal amplification (McKinney et al. 2020), and minimum required
coverage.

Several studies have outlined best practices for the selection and optimization of marker
panels (Liu et al. 2016; Holman et al. 2017; McKinney et al. 2020), including for multiple
downstream applications (Aykanat et al. 2016). The effect of different locus numbers and
population sizes on parentage (Holman et al. 2017; Harney et al. 2018) and population assignment
(McKinney et al. 2017a; Baetscher et al. 2018) is also well known. However, panels are usually
either assembled for a single purpose or as single-purpose, bioinformatically-separated modules
in combined panels (Aykanat et al. 2016). To our knowledge the combined power of entire multi-
purpose panels for single objectives has not been tested.

SNP panel-based approaches have been increasingly used in salmonids (Liu et al. 2016;
Holman et al. 2017; Steele et al. 2017; Janowitz-Koch et al. 2019; McKinney et al. 2019b), a
group of fishes that has been the subject of evolutionary ecology studies in natural systems, not

only because of their commercial, ecological and cultural significance, but also because well-



defined spawning populations in freshwater habitats and relatively easy sampling greatly facilitate
such studies. Sockeye Salmon (Oncorhynchus nerka) in particular have been the focus of many
behavioral, ecological, and evolutionary studies that use both population assignment and pedigree
analyses (i.e. Peterson et al. 2014, Lin et al. 2016, 2017). So far, these studies have relied primarily
on microsatellite markers in small populations over one or two generations. However, extended
eco-evolutionary questions over many generations necessitates the efficient genotyping of
thousands of individuals at loci capable of both accurate pedigree reconstruction and individual
assignment to population of origin. If the design of such panels is sufficiently successful and
genotyping costs are sufficiently low, similar approaches may be possible for species where large-
scale pedigrees and population assignment were hitherto deemed impossible; for example,
rockfishes (Sebastes sp, Baetscher et al. 2019) or tuna (Thunnus maccoyii, Bravington et al. 2016).

Here we describe the development of a GTseq amplicon primer panel for rapid and
effective genotyping of Sockeye Salmon to address two distinct objectives: pedigree
reconstruction and determination of population of origin. We demonstrate the use of a streamlined
workflow (McKinney et al. 2020) and detail the processes of marker selection, optimization, and
testing. Furthermore, we investigate the effects of ascertainment bias on downstream applications,
in an effort to determine whether dual-use SNP panels benefit from the combination of markers or
effectively represent independent sets of loci that do not add much power to the alternative

application.

1.3 METHODS

1.3.1  Study system

Tissue samples were collected from Sockeye Salmon spawning in two small creeks (A and

C Creeks; 250 m and 350 m long, respectively), approximately 1 km apart on Little Togiak Lake,
4



Alaska (Peterson et al. 2014). We utilized dorsal fin tissue samples from 2010 for panel
development and 2009 for panel optimization and power verification. Tissue samples were
collected from nearly every fish returning to the creeks throughout the spawning season and stored
in 100% ethanol (Peterson et al. 2014). Fst values, estimated by Lin et al. (2008) using

microsatellite markers, range from 0.02-0.04 (Lin et al. 2008).

1.3.2  Ascertainment of Reference Sequences for Panel Development: RAD Sequencing and

Genotyping

DNA was extracted from 144 individuals representing both A and C creeks (Figure 1.1,
Step 1) using Qiagen DNeasy Blood and Tissue kits (Qiagen, Valencia CA). Two RAD-seq
libraries (Baird et al. 2008) were prepared following the bestRAD protocol: the first step of the
RAPTURE protocol (Ali et al. 2015) using the Sbfl restriction enzyme. Paired-end 2x100-base
pair sequencing was performed on an Illumina HiSeq4000. Raw RAD sequencing data were
processed using Stacks (v.1.42, Catchen et al. 2013) following the bioinformatics pipeline
described in Waters et al. (2018). Briefly, forward reads were demultiplexed and trimmed to 95bp
using process_radtags. Individuals with fewer than 200,000 total reads were excluded from further
analysis (Figure 1.1, step 1a). No assembled genome is yet available for Sockeye Salmon. Instead,
reads were aligned to both the Rainbow Trout reference genome (O. mykiss, GenBank assembly
Accession GCA_002163495) and to a Sockeye Salmon linkage map (Larson et al. 2015, based on
haploid data) using Bowtie2 (v.2.3.3.1, Langmead and Salzberg 2012), allowing up to three base
pair mismatches. These two alignments were treated as separate pipelines during the remaining
panel development steps (Figure 1.1). Loci for each individual were identified using pstacks with
the bounded-error SNP calling model, a minimum read depth of 10, and the default error rates.

Individuals with less than 19,000 loci in the O. mykiss pipeline or 4,500 loci in the O. nerka linkage



map pipeline were excluded from further analysis, representing breaks in the distribution of loci
(Figure 1.1, step 1c). The 10 individuals from each population with the highest read depth and
coverage were used to construct a catalog of loci in cstacks; this subset was used to reduce the risk
of including false polymorphisms in the catalog (as in Waters et al. 2018). Loci from individuals
aligned to either the O. mykiss genome or Sockeye linkage map were matched to their respective
catalogs using sstacks. Finally, genotypes were assigned using populations, with a minimum read

depth of 10.

1.3.3  Locus Filtering and SNP Selection

Following Stacks genotyping, all biallelic loci were re-genotyped using a custom Python
script to verify and correct genotypes, therefore minimizing potential bias in maximum likelihood
genotype calls in Stacks due to differences in read depth between two alleles at a locus (Brieuc et
al. 2014, but also Waters et al. 2018). Loci were excluded if they had a minor allele frequency of
less than 0.05 in either creek population (Figure 1.1, step 2a). Loci genotyped in <80% of
individuals, and individuals with >50% missing data were excluded from further analyses (Figure
1.1, step 2b).

We followed the filtering and SNP selection methods in McKinney et al. (2020) to reduce
the effects of unequal locus amplification, cross-amplification of primer pairs, and off-target
amplification (Figure 1.1, step 2). Loci were filtered using HDplot (McKinney et al. 2017b);
https://github.com/gjmckinney/HDplot) to ensure no undifferentiated paralogous loci were
included in the panel. To permit sufficient sequence length for primer development, polymorphic
SNP loci were further filtered to exclude loci within 15 base pairs of the start or end of the 95bp
RAD sequence. The program RepeatMasker (Smit et al. unpublished v.4.0.6) was used to identify

and remove loci in low complexity regions or transposable elements, using the default parameters.


https://github.com/gjmckinney/HDplot

To reduce risk of off-target amplification, loci aligned to the O. mykiss genome were excluded if
they matched to more than 6 unique regions. This represented a break in the distribution of matches
per locus and was used as a qualitative threshold.

Loci were included in the panel to serve two primary purposes: pedigree reconstruction
and population assignment. SNPs for parentage were selected from loci identified through
alignment to a Sockeye Salmon linkage map (Larson et al. 2015), as no genome has yet been
assembled for Sockeye. Loci were excluded if they had minor allele frequencies less than 0.35 in
either population, as an allele frequency close to 0.5 maximizes the power for parentage (Anderson
& Garza 2005). Conversely, the power to assign population of origin increases when loci are highly
differentiated between populations (Anderson 2010). We anticipated that alignment to the Sockeye
Salmon linkage map may have caused population-specific ascertainment bias, as the linkage map
comprised loci that were polymorphic in few families and from different populations than the
present study, resulting in little differentiation between our study populations (Larson et al. 2015).
Therefore, discovery of SNPs for population assignment were instead derived from loci aligned to
the O. mykiss genome, and SNPs that had the greatest difference in minor allele frequency between
the two creek populations were selected. Beach and creek populations of Sockeye Salmon
represent different morphotypes, but they often intermingle close to the spawning streams (Lin et
al. 2008; Peterson et al. 2014). Therefore, an additional set of outlier loci differentiating creek and
beach populations (Larson et al. 2017) were included to differentiate these highly divergent
populations. These outlier loci were included for use in future studies, but their utility in

differentiating beach and creek populations is not addressed further here.



1.3.4  Primer Design

Primers for all putative loci were designed in BatchPrimer3 (v.1.0, You et al. 2008), with
no optimum fragment or primer size. We followed the protocol of (McKinney et al. 2020) to
optimize primers prior to sequencing. NCBI’s BLAST (Altschul et al. 1997) was used to align all
putative primer sequences to all putative amplicon sequences, to prevent potential interactions
between the two. The putative primer sequences were also aligned to the O. mykiss genome to

identify and exclude primers that may bind to more than one region of the genome.

1.3.5  Optimization

The final panel of primers was used to construct GTseq libraries for 24 individuals,
following the methods in Campbell et al. (2015). Paired-end 2x75-base pair sequencing was
performed on an Illlumina MiSeq. We used scripts from Campbell et al. (2015) to genotype
individuals and to identify and exclude primers which over amplified loci compared to other
primer pairs. These scripts use the forward primer and an in-silico probe to count amplicon-specific
sequences for each allele and assign genotypes based on observed allele ratios. This step helped to
reduce off-target sequencing and increase read depth for the remaining loci by redistributing reads.
We used custom scripts from McKinney et al. (2020) to identify primer interactions (Figure 1.1,
step 4) that were not identified by BLAST (Figure 1.1, step 3b). In instances where different sets
of primers interacted to amplify off-target regions, all but one of the interacting primer sets were
excluded. To further reduce off-target amplification and amplification of duplicated loci, allele
ratios at each locus were analyzed following the allele ratio plotting methods in McKinney et al.
(2020); this step ensured that allele ratios conformed to those expected at single loci. In cases
where loci did not fit expected allele ratios, the in-silico bioinformatic-probe in the genotyping
script of Campbell et al. (2015) was extended from 15 to 30-base pairs on either side to better
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exclude off-target sequence. The genotyping script was rerun, and individuals were re-genotyped
with these new parameters. If this in-silico probe extension did not result in expected allele ratios,
the locus was removed from the panel. The panel of primers was tested a second time with a set
of 96 individuals using single-end 100-base pair sequencing on an Illumina MiSeq. Filtering was

repeated for off-target and over-amplified loci, as above. A final set of primers was assembled.

1.3.6  Quality Control

To test the efficacy of the panel on a high-throughput dataset, DNA was extracted from
618 A Creek and 422 C Creek individuals from 2009, using Nexttec 1-Step DNA Extraction Kits
(Nexttec Biotechnologie, Leverkusen, Germany), and GTseq libraries were prepared following the
methods in Campbell et al. (2015). Single-end 100-base pair sequencing was performed on an
[llumina HiSeq4000 and individuals were genotyped as above, using custom scripts from
Campbell et al. (2015). A final round of locus filtering excluded loci from downstream analyses
with unusual allele frequency ratios, following McKinney et al. (2020), as above. Pairwise linkage
disequilibrium (R?) was calculated between all SNP loci using the method from Hilland Robertson
(1968) in the LDcorSV package (Desrousseaux et al. 2013) in R (R-Core-Team 2013). One locus
per linked pair was excluded if pairwise R? values were greater than 0.25. Fis values were
calculated at each locus for each creek population using the Hierfstat package (Goudet 2005) in
R, and loci were excluded if Fis values were consistently greater than 0.1 or less than -0.1 in both

populations.

1.3.7 Power Analyses

Power analyses were run to test the performance of loci for each of our two objectives: to

identify parent-offspring pairs and assign individuals to their population of origin. We used the



training and hold-out method of Anderson (2010) for both parentage and population assignment
to minimize high-grading bias. This method divides the dataset of empirical genotypes into two
subsets: one to calculate allele frequencies for locus ranking (the training dataset) and another to
calculate allele frequencies from which populations are simulated (the hold-out dataset). We
evenly divided the 1,040 sequenced individuals into hold-out and training datasets by population,
which were used in all subsequent analyses. The training dataset was used to rank loci by power
for parentage and population assignment. The hold-out dataset was used to calculate population
allele frequencies for use in simulating populations. As there is an approximately 3-12% dispersal
rate between these two creek populations (Peterson et al. 2014, 2015), individuals in the training
and hold-out datasets were cross-referenced with dispersal data from Peterson et al. (2014) to
remove immigrants. We included only philopatric individuals, which returned to the same creek
where all identified parents were born.

We tested the power of different numbers of panel loci to assign parent-offspring pairs
using the unknown-sexes simulation module in the program Cervus3 (v. 3.0.7., Marshall et al.
1998; Kalinowski et al. 2007) with 100 model repetitions and 8 subsets of panel loci ranked in
decreasing order of minor allele frequency in the training dataset. Populations of sizes of N = 100,
and N =500 parents were simulated to generate equivalent population sizes (100, 500) of offspring
using allele frequencies in the hold-out dataset. To simulate a realistic population, training and
hold-out datasets for this parentage analysis included only the C Creek population, assuming that
70% of parents were sampled, a mistyping rate of 0.005 (Campbell et al. 2015), and strict
assignment (>95% probability). Using empirical pedigree data from Peterson et al. (2014), we
estimated input parameters for the proportion of related individuals (0.0143), average relatedess

among relatives (0.447), and rate of inbreeding (0.00). We estimated LOD scores of both single-
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parent (parent-offspring pair) and parent-pair (trio of two parents, one offspring) assignments.
Additionally, we examined the effect of ranking panel loci on locus-specific non-exclusion
probabilities (NEP, Kalinowski et al. 2007). NEP measures the probability of not excluding a false
parent at a given locus and can be used to measure locus specific power for parentage. We
compared per-locus first-parent NEP ranked in order of decreasing power for parentage
(decreasing minor allele frequency) with NEP in order of decreasing power for population
assignment (decreasing difference in MAF between populations).

The accuracy of the population-specific loci in assigning individuals to their population of
origin (A Creek or C Creek) compared to the broader panel was tested using the R package rubias
(Moran & Anderson 2018). Population assignment was performed using the leave-one-out
approach of Anderson et al. (2008), with 500 simulated individuals based on the hold-out data set.
Allele frequencies were calculated from 100 individuals, randomly resampled 100 times from each
population in the training dataset. Loci were ranked by allele frequency for each of these 100
draws. For each unigue locus ranking order, the leave-one out assignment procedure was repeated
10 times. Therefore, there were 1,000 model repetitions (100x10) for each of 172 different panel
subsets. Each subset added one additional locus to the panel, and they were used to examine the
number of loci needed for accurate population assignment. Mean population assignment accuracy
and 95% confidence intervals were calculated from the 1,000 repetitions of each panel subset. We
then tested whether our ranking system during panel development reduced the number of panel
loci necessary for accurate population assignment using the same simulation conditions. In this
case, we used loci ranked in order of decreasing power for parentage in each population instead of

power for population assignment.
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1.4 RESULTS

141 Marker Selection and Optimization

No individuals had fewer than 200,000 reads; thus, 72 individuals from C Creek and 72
from A Creek were used for further panel development, with an average read depth of 3.8 million
reads per individual. Four individuals were removed prior to genotyping in the Stacks module
populations due to a small number of identified loci (Figure 1.1, step 1c). Alignment to the O.
mykiss genome, followed by subsequent genotyping, yielded 4,222 bi-allelic RAD loci. Alignment
to the O. nerka linkage map (Larson et al. 2015) yielded 3,864 bi-allelic loci. The numbers of loci
remaining after each screening step are given in Figure 1.1. After completing the initial locus
filtering steps (Figure 1.1, step 2, following McKinney et al. 2017b), 294 loci with minor allele
frequencies greater than 0.35 across both populations were selected for parentage, whereas 60 loci
with maximum differences in allele frequencies between the two creek populations (0.19-0.30)
were selected for population assignment (Figure 1.2).

The final panel comprised 142 loci for parentage and 35 loci for population assignment
after the final quality control step (Figure 1.1, step 5). Five of these loci were shared between both
panel subsets, therefore the final panel comprised 172 primer pairs (Supplemental Table 1.1).
Primer lengths ranged from 16-26 base pairs. A total of 1,175 individuals from 2009 were
sequenced with the final panel of 172 loci and of these, 1,165 individuals (>99%) were successfully

genotyped at more than 155 loci (90% of loci).

14.2 Panel Accuracy

In parentage simulations, the use of the full panel of 172 loci resulted in correct assignment

greater than 95% in all cases (Figure 1.3). A minimum of 50 loci were needed to achieve >95%
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parentage accuracy in parent-pair analyses with a population size of 100; in contrast, 75 loci were
needed for a population size of 500. Assignment of offspring to parent-pairs required fewer loci
than single-parent assignments (Figure 1.3) because trios (2 parents/1 offspring) are easier to
identify than parent-offspring pairs. In the large population, single parent assignment required all
172 loci with an almost linear increase in assignment accuracy as loci were added. Misassignment
(assignment to a false parent) slightly increased with number of panel loci but never exceeded
5.0%. Ranking loci by decreasing minor allele frequencies resulted in an increase in NEP (Figure
1.4). However, when loci were ranked by decreasing allele frequency differences between
populations, NEP was randomly distributed.

Population assignment success was high in both creek populations when the full panel was
used (Figure 1.5). In A Creek, 96.2% + 0.65% of individuals and in C Creek, 93.9% + 0.69% of
individuals were correctly assigned to their population of origin. Not all panel loci were needed to
achieve high population assignment success rates, as assignment success reached an asymptote
after approximately 80 loci in both creeks, and only 43 loci were necessary to achieve population
assignment of >90% in both creeks. However, use of the 35 loci specifically selected for population
assignment was insufficient to achieve maximum assignment accuracy. When loci were ranked by
decreasing power for parentage in each of the creek populations, more loci were needed to obtain
high assignment accuracy: approximately 100 loci were needed to achieve >90% accuracy,
compared to 40 when ranked by power to assign population (Figure 1.5). For all panel loci, mean

locus-specific Fst was 0.016 = 0.021 (Supplemental Table 1.1).

1.5 DiscussION

Here we developed an amplicon panel of SNP loci in Sockeye Salmon for use in pedigree
reconstruction and in assignment of individuals to population of origin. These two analyses can be

13



combined to identify both natal and immigrant individuals in a population, ultimately supporting
the study of processes such as gene flow, dispersal, and inbreeding. We described the detailed
application of a bioinformatics workflow (McKinney et al. 2020) in panel optimization and quality
control in downstream applications. We identified a final panel of 142 loci for use in parentage
and 35 loci for use in individual assignment to population of origin. Genotyping success rate was
high (>99% of individuals were genotyped at >90% of loci), highlighting the efficacy of the panel.
We found that only 50 loci were necessary to achieve >95% parent-pair accuracy in populations
of size N = 100, and 75 loci when N = 500. Population assignment success ranged from 93.9% to
96.2% in simulated populations when using all 172 panel loci.

Simulations on population sizes of up to 500 parents and 500 offspring were within the
approximate range of the empirical test populations (Lin et al. 2016). The finding that population
size had no effect on parent-pair assignment accuracy after 75 loci across these populations reveals
the likely range of markers needed for similar panels. Parentage assignment in larger populations
requires more loci for accuracy. The findings reported here generally agree with both theoretical
(Anderson & Garza 2005) and empirical (Liu et al. 2016; Holman et al. 2017) studies that show
between 50-100 loci are sufficient to achieve high parentage success. In a previous study on A
Creek Sockeye Salmon, approximately 80 randomly selected polymorphic SNP loci were
sufficient to achieve high parentage assignment success (Hauser et al. 2011). In contrast, we
deliberately selected loci with high MAF, which reduced the number of loci necessary for
parentage to between 50 and 75. Our finding that single-parent assignments require more loci than
parent-pairs is consistent with past findings, as larger family groups are easier to identify than
single related pairs (Wang 2007, Baruch and Weller 2008, Hauser et al. 2011). Although we

simulated related individuals based on empirical estimates, more loci may be required in smaller
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populations comprising a higher number of relatives. However, the linear increase of parentage
assignment success across the entire range of loci suggests only a minor effect of locus ranking.
Interestingly, there is an optimum number of loci because too many loci increased misassignment
rate without substantially improving correct assignment. As expected, first-parent non exclusion
probabilities (NEP) increased with decreasing minor allele frequency. However, NEP values
showed no trend when loci were ranked by power for population assignment, demonstrating that
the trade-off between these two applications was not as straightforward as one might expect and
that loci selected for population assignment may still be useful for parentage.

Population assignment tests revealed that as few as 40 loci obtained population assignment
accuracies >90%. Analyses based on ranking revealed that locus selection based on maximum
divergence was a viable approach to improve assignment success. Given low Fst values between
the A and C creek populations (approximately 0.02-0.04, Lin et al. 2008), more loci were needed
than between more divergent populations (Morin et al. 2009; Helyar et al. 2011). Therefore, we
would recommend following well established methods to estimate the number of putative SNPs
necessary to successfully assign individuals to populations a priori, based on known population
Fst estimates (e.g., Sylvester et al. 2018). We broadly recommend including approximately twice
the number of SNPs necessary to account for locus dropout through optimization and quality
control. Lower assignment success with loci selected for the parentage panel demonstrated the
effects of ascertainment bias, but also showed that such loci are still useful for the population
assignment.

While our bioinformatics protocol was successful and efficient, there are several changes and
tradeoffs we would recommend considering for the development of multi-use GTseq panels. To

avoid loci which may confound parentage and population assignment, we added a step to the
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protocol of McKinney et al. (2020) which excluded putative panel loci with Fis values > 0.1 or <
-0.1 and were in linkage disequilibrium (LD) at the final quality control step (Figure 1.1, Step 5).
We excluded loci in LD because they can confound parentage and population assignment analyses
(Helyar et al. 2011); however, loci in LD can be informative for analyses other than parentage and
population assignment — for example, they can be diagnostic for genomic features (i.e., inversions)
— thus they may be considered for inclusion when developing similar panels.

We again recommend including at least twice as many loci in the primer design and
optimization steps (Figure 1.1, Step 3) than would be needed for downstream applications, to
buffer against locus drop out from many filtering steps. However, there are tradeoffs to consider
between number of putative primers to include, cost of development, and panel efficacy. Primers
currently cost approximately $20 per pair (Integrated DNA Technologies, Inc., Coralville, lowa).
The fewer loci included in a multiplex PCR reaction, the lower the likelihood of primer-primer
interactions. Therefore, it is important to evaluate the relative cost of including additional primers
in a test panel versus additional locus discovery and testing. For example, we included only the 60
top ranked loci in the test population assignment panel (Figure 1.1 Step 2e). However, we retained
only 35 of these loci, which were insufficient to achieve maximum population assignment
accuracy on their own. In retrospect, the screening of at least 100-150 loci would have cost an
additional $800-1800. However, this oversight did not affect downstream applications in the final
panel because the inclusion of parentage loci still resulted in greater than 95% population
assignment success. A panel developed exclusively for population assignment, would have cost
approximately $4,000 in additional optimization. This redundancy may be considered an

additional benefit of multi-use SNP panels.
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Although we used exclusively biallelic single-SNP loci, we recommend evaluating the use of
microhaplotypes — multiple SNPs within an amplicon whose individual alleles can be combined
into haplotype alleles. These markers are multiallelic and thus substantially increase the power for
relationship inference (Baetscher et al. 2018) and genetic stock identification (McKinney et al.
2017a). Thus, microhaplotyes may also add increased power to studies where fewer amplicons are
available, and because GTseq amplicons are very short (40-100 base pairs), they may be suitable
for analysis of degraded DNA (Schmidt et al. 2019). In small populations, however, this advantage
may vary as genetic drift can act to reduce the number of SNPs and resulting microhaplotype
alleles per locus relative to large populations. Very few loci had two or more SNPs in the small
populations we screened (15 loci with two SNPs and one locus with three SNPs). In addition,
genotyping multiple SNPs per locus can be challenging. That said, Baetscher et al. (2018) and
McKinney et al. (2020) have developed bioinformatic pipelines for this task (Microhaplot and
GTscore, respectively). Our panel yielded high accuracy in both parentage and population
assignment analyses using only single-SNP loci. Systems with larger population sizes, systems
with less genetic variation, or different downstream applications may require additional power and
may benefit from the inclusion of microhaplotypes.

In conclusion, development of multi-purpose panels should consider trade-offs in locus
selection for different applications. However, these trade-offs may be less severe than expected.
As such, loci developed for one purpose may still add power to other applications, such that the
total number of loci needed may be substantially less than the sum of loci needed for each
application. Inclusion of such multi-use loci may reduce the number of primers to test, increase
the number of samples per sequencing lane, and ultimately reduce the cost of large-scale

applications. In the case that some loci may decrease power for certain applications, it is simple to
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bioinformatically subset the panel after sequencing (i.e., Aykanat et al. 2016, McKinney et al.
2020). Therefore, multi-purpose panels benefit from inclusion of a wide range of loci. We believe
the information presented here on the processes involved in SNP selection, optimization, and
quality control will be of use to others in designing successful multi-use panels for other species

or populations.
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Figure 1.1. Schematic of the workflow and the results for SNP discovery, filtering, primer
design, optimization, and quality control for a 172 SNP GTseq primer panel for use in individual
assignment to population of origin (population assignment) and assignment of parent-offspring
pairs (parentage). Numbers give the number of loci in the panel after each filtering step for use in
parentage (left) or population assignment (right). Methods used for each step are given in the

middle column
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Figure 1.2. A. Distributions of the difference in minor allele frequency between the A Creek
and C Creek populations of Sockeye Salmon at 926 bi-allelic loci screened for use in population
assignment (left), and B. distributions of the minor allele frequencies at 392 bi-allelic loci
screened for use in parentage (right). Loci were included following initial screening steps (step
2d in Figure 1.1). Loci to the right of the dashed lines were included in downstream analyses
(step 2e in Figure 1.1).
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Figure 1.3. Percentage correct parentage assignment across variable numbers of SNP loci
ranked from high to low minor allele frequencies in training data set. The mean percent of
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model repetitions. Error bars indicate 95% confidence intervals. Proportion of parents sampled
was set to 0.7, and the percentage correct assignment is given as a proportion of sampled parents.
The percentage misassignment was always <5% and represents the proportion of cases where a

false parent was assigned, whether the true parent was sampled or not.
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Figure 1.4. First-parent non-exclusion probabilities (NEPs, the probability of not excluding a
false parent) in parentage analyses. Comparisons between parentage (left) and population
assignment (right) panels NEPs (y axis) for each ranked panel locus (x axis) were calculated in
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difference between the A and C Creek populations, high to low (population assignment markers,
right).
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axis) are ranked by empirical allele frequency differences between populations (high to low,
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parentage panels) for each population (A and C Creeks). Shaded regions represent 95%

confidence intervals of 1,000 model repetitions of 500 simulated individuals.
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Chapter 2. THE ECOLOGICAL DRIVERS AND FITNESS
CONSEQUENCES OF DISPERSAL

Authors: Samuel A. May, David J. Paez, Lorenz Hauser, Ray Hilborn, Daniel E. Schindler, Kerry
A. Naish

2.1 ABSTRACT

Dispersal among populations is a fundamental process in ecology and evolutionary biology
due to its significance for population distribution, gene flow, and recruitment. However,
examination of the ecological factors that influence dispersal, as well as the fitness consequences
that follow dispersal, remains a key challenge in studies of wild populations, because of logistical
difficulties associated with measuring ecological factors and fitness in wild populations. In
addition, to fully examine the fitness consequences of dispersal, both absolute fitness (dispersers
compared to their natal population) and relative fitness (dispersers compared to individuals in their
new population) must be measured. Here, we examined the influence of ecological processes such
as predation, population density, and reproductive timing on dispersal using 14 years of field
surveys across two generations of returning adult Sockeye salmon. Full molecular-based pedigrees
of 9,838 fish in two proximal stream-spawning populations in Bristol Bay, Alaska (A and C
Creeks) were used to identify dispersers and quantify fitness of both dispersers and non-dispersers
in each population. Dispersers were identified using genetic natal population assignment analyses,
validated with the pedigrees. Fitness was measured as individual lifetime reproductive success:
number of offspring identified for each pedigreed individual. We found that predation by bears,
population density, and return timing to spawning sites were key factors influencing dispersal. We
then tested whether individuals maximized their fitness by dispersing. We found asymmetric
dispersal between the two streams, whereby individuals originating from C Creek had lower
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dispersal rate than individuals from A Creek. Dispersers who moved from A Creek to C Creek
increased their absolute fitness, whereas individuals moving in the opposite direction decreased
their absolute fitness relative to non-dispersers in their respective natal streams. However,
immigrants into A Creek had an increased fitness relative to local individuals in A Creek, whereas
immigrants in C Creek had a reduced fitness relative to local individuals. We concluded that
dispersers moved between populations in an attempt to increase their absolute fitness. This finding
is relevant for gene flow and evolution because these processes depend on relative fitness, not
absolute fitness. Differences in fitness of dispersers, as well as in dispersal rate, were likely due to
a combination of differences in habitat and ecological variation within the two streams. This study
is one of the first to provide empirical evidence of within-season ecological variation driving
dispersal, fitness, and ultimate gene flow in natural populations. These findings have important
implications for how human impacts to ecological processes may inadvertently affect dispersal

and fitness.

2.2 INTRODUCTION

Dispersal of individuals among geographically or demographically isolated populations
has dynamic effects on gene flow and is thus a fundamental process in ecology and evolutionary
biology (Bowler and Benton 2005, Bonte and Dahirel 2017). Gene flow can influence the capacity
of populations to respond to environmental changes such as habitat degradation or climate change
(Garant et al. 2007, Rasanen and Hendry 2008, Travis et al. 2013). Thus, gene flow due to dispersal
can indirectly affect population recruitment and persistence (Schreiber 2010, Yeakel et al. 2018).
Dispersal also influences demography through its effects on population distributions, density, and
competition (Bowler and Benton 2005, Cayuela et al. 2018). However, dispersal itself may be
influenced by numerous environmental and biological processes (Clobert et al. 2004, Bowler and
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Benton 2005). The processes affecting dispersal can therefore also indirectly affect fitness,
productivity, and resilience. Thus, it is critical to understand the primary processes driving
dispersal and their effects on fitness, to effectively predict how natural populations will respond to
environmental changes (Bowler and Benton 2005, Doligez and Part 2008, Cayuela et al. 2018).

Dispersal has been increasingly recognized as a non-random process (Clobert et al. 2009,
Cote et al. 2017). If dispersal were random, the proportion of dispersers in proximate populations
should be equal, consistent across time periods, and uncorrelated with phenotypes or ecological
processes. Yet, dispersal is rarely random in nature and is often dependent on individual
phenotypes and environmental conditions (i.e., phenotype- or context-dependent dispersal; Clobert
et al. 2004, Clobert et al. 2009). For example, studies have shown how dispersal may be affected
by resource availability (Maag et al. 2018, Mishra et al. 2020), competition (Maag et al. 2018,
Cayuela et al. 2019), predator avoidance (Poethke et al. 2010), and abiotic environmental
conditions (Dittman et al. 2010, Cram et al. 2013). In addition, individual-level traits (i.e.,
phenotypes) can influence dispersal (Clobert et al. 2009), such as sex and morphology (Ducros et
al. 2020) or physiology and behavior (Cote et al. 2010). However, a major challenge in studies of
dispersal has been to accurately estimate dispersal between multiple populations, and to measure
the ecological factors that influence dispersal in the source populations of immigrants (Cote et al.
2017, Cayuela et al. 2018). As such, there have been recent calls for further empirical
investigations of the environmental and biological processes driving dispersal in wild populations,
due to its relevance to gene flow, local adaptation, and productivity (Cayuela et al. 2018,
Saastamoinen et al. 2018, Shizuka and Johnson 2020).

A key question in studies of dispersal and gene flow is whether individuals maximize their

fitness by dispersing (Clobert et al. 2009, Bonte et al. 2014). The fitness of dispersers relative to
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individuals in their breeding habitat (i.e., relative fitness) affects rates of gene flow among
populations (Lenormand 2002, Orr 2009). Evolution within a population also depends on relative
fitness (Wilson 2004). Therefore, dispersal is expected to evolve when the relative fitness of
dispersers is increased compared to non-dispersers (Hendry et al. 2004, Duputié and Massol 2013).
Yet, the relative fitness of dispersers may be reduced due to locally adapted difference among
populations (Peterson et al. 2014, Mobley et al. 2019). In other words, under local adaptation,
dispersal is expected to be a poor strategy for increasing relative fitness (Bonte et al. 2012).
However, variable ecological factors such as competition, predation, or intrinsic habitat features
may also affect the fitness of dispersers (Holt and McPeek 1996, Kawecki and Ebert 2004, Bowler
and Benton 2005, Seether and Engen 2015). Dispersers may increase their fitness compared to
individuals in their source population (i.e., absolute fitness) by moving to a population with better
quality habitat (Kawecki and Ebert 2004). Thus, investigations of whether individuals maximize
their fitness by dispersing depend on whether the fitness of dispersers is compared to their source
population (absolute fitness) or their new breeding population (relative fitness).

A key challenge for studies of dispersal and gene flow in natural populations has been to
examine the compounding fitness effects of local adaptation and ecological variation (Kawecki
and Ebert 2004, Rasanen and Hendry 2008). By measuring the fitness of dispersers and non-
dispersers in both their natal and breeding populations, it is possible to comprehensively
understand the fitness consequences of dispersal (Kawecki and Ebert 2004). Yet, measuring the
fitness of both dispersers and non-dispersers in wild populations has also been a major challenge
(Doligez and Part 2008). Measuring the fitness of dispersers and non-dispersers requires intensive
sampling of parents and offspring to quantify fitness and distinguish dispersers from non-

dispersers in multiple populations to make comparisons (Kawecki and Ebert 2004).
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Salmonid fishes (especially Oncorhynchus and Salmo spp.) have often served as model
species in studies of philopatry and dispersal, termed homing and straying respectively in the
salmonid literature (Keefer and Caudill 2014). The anadromous lifecycle of many salmonids,
associated with high site fidelity to natal rearing areas (i.e., natal homing), permits sampling of a
high proportion of individuals as they return to their spawning grounds (Quinn 2018). In addition,
the semelparous lifecycle of many salmon species means that reproduction in a single season and
breeding habitat represents the net contribution of an individual to the next generation (i.e., lifetime
reproductive success). Furthermore, proximate spawning populations are under nearly identical
selection regimes throughout most of their lives, as juveniles mix after hatching (Quinn 2018).
These life-history traits of anadromous salmonids allow for robust comparisons of the effects of
ecological processes on evolutionary dynamics among heterogeneous spawning habitats (Carlson
et al. 2011, Lin et al. 2016). Thus, salmon are an ideal system to study philopatry, dispersal, and
their effects on fitness. Studies investigating these processes have direct implications for
economically important salmon fisheries (Bett et al. 2017), hatchery supplementation efforts
(Amoroso et al. 2017, Sturrock et al. 2019), and the management of at-risk stocks (Spromberg and
Scholz 2011).

There is only limited empirical evidence to support the effect of environmental and
biological processes on dispersal in salmonid populations, despite decades of research
investigating homing and straying in salmon (Keefer and Caudill 2014, Bett et al. 2017). For
example, evidence has shown that dispersal of returning adult salmon may result from variation in
life-history strategies such as freshwater residency time or age at return (Westley et al. 2013,
Westley et al. 2015). Abiotic environmental conditions (i.e., habitat quality) may also affect

dispersal, such as substrate composition and stream morphology (Dittman et al. 2010, Cram et al.
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2013). Studies investigating the fitness of immigrants may have a reduced relative fitness
compared to residents in a given spawning population (Peterson et al. 2014, Mobley et al. 2019),
consistent with predicted outcomes of local adaptation (Kawecki and Ebert 2004). However, these
studies did not compare the absolute fitness of dispersers to residents in their natal habitats, which
is important to understand how ecological variation within spawning seasons and local adaptation
may interact to affect fitness and gene flow (Kawecki and Ebert 2004). Various environmental and
behavioral processes may influence dispersal at numerous points during the lifecycle of salmonids,
such as habitat features, predation, competition, and mate availability (Keefer and Caudill 2014).
Yet, much of what is known about dispersal and its effects on fitness in salmonids has resulted
from studies of hatchery-origin individuals, not natural populations, so the causes and fitness
consequences of dispersal remain unclear (Keefer and Caudill 2014).

The overall aims of this study were first, to determine the ecological and phenotypic factors
influencing dispersal among two proximate populations of Sockeye salmon, and second, to
investigate the fitness consequences of such dispersal events. To achieve these aims, we utilized
returning adults from a long-term monitoring program to reconstruct a multi-generation pedigree,
identify dispersers, and estimate individual fitness. Our first aim was accomplished by examining
whether predation, population density, or phenotypic characteristics such as body shape and return
day explained the dispersal of individuals among populations. Our second aim was achieved by
comparing the number of offspring of dispersers and non-dispersers across both natal and breeding
populations. Our findings may have important implications for how anthropogenic activities

influence gene flow, recruitment, and resilience in wild metapopulations.
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2.3 METHODS

2.3.1  Study System and Sample Collection

Tissue samples were collected from returning adults as part of a long-term field program
conducted on a wild Sockeye salmon metapopulation on Little Togiak Lake, Bristol Bay, Alaska
(Peterson et al. 2014, Lin et al. 2016). This system comprises two small creeks (A and C Creeks;
350m and 450m long, respectively), approximately 1km apart, with 150-800 spawners returning
to each creek per year (Figure 2.1). “A” Creek is characterized by shallow, uniform habitat with
few undercut banks or deep pools, making it poor habitat for predator avoidance (Pess 2009, Lin
et al. 2016). By contrast, “C” Creek is characterized by more heterogeneous habitat with many
undercut banks and deep pools (Pess 2009). Sockeye salmon spawn in both creeks from late July
through late August. A separate, genetically distinct population also spawns along the lake beaches
at the mouths of these creeks from late July through late September (hereafter “Beach” spawners,
Lin et al. 2008). Sockeye salmon are semelparous, that this, individuals die after spawning. Four-

year-old fish dominate this system, with some age five individuals (Lin et al. 2016).

Adult fish were exhaustively sampled from both creeks since 2004. Newly arriving adults
were captured daily either with beach seines at the creek mouth or with hand nets in the creeks.
Fish were tagged with uniquely labeled plastic disc tags. Tag date was recorded along with fish
length (mid-eye to hypural plate), body depth, and sex. Dorsal fin tissue samples were collected
from each tagged fish and stored in 100% ethanol. Daily location (in meters from the mouth of the
creek) of each tagged fish was recorded using visual surveys. Otoliths of fish found dead were
removed for aging and cause of death was recorded (i.e., bear predation or senescence). This study
utilized samples from 14 years of field collections (2004-2017), comprising two complete

generations (FO, F1, and F2, Figure 2.1).
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Field observations of tagged adults were used to determine the spawning populations (“A
Creek” or “C Creek”). Beach spawners were inferred for fish that were sampled on the beaches
and never observed in a stream. If a fish entered both streams, its spawning population was

considered as the stream where it was seen most often (as in Peterson et al. 2014).

2.3.2  Genotyping and Pedigree Reconstruction

To identify dispersers and quantify fitness, we reconstructed a two-generation pedigree of
individuals returning to the A and C Creek populations, using samples from 14 return years (2004-
2017). Only individuals observed in creek habitats were used in pedigree reconstruction; however,
a representative sample of individuals observed spawning in beach habitats were genotyped to
obtain population allele frequencies for population assignment analyses (May et al. 2020).
Peterson et al. (2014) reconstructed a one generation, two-cohort pedigree of the two creeks,
spanning the FO (2004-2005) and the F1 generation (2008-2010) using 11 microsatellite loci. We
added two additional FO cohorts (2006-2007), their offspring, and the F2 generation (2012-2017)
using SNP loci. To integrate the previous, microsatellite-based pedigree with the updated SNP-
based genotyping, all F1 fish previously genotyped at microsatellite loci were re-genotyped at SNP
loci. All fish returning from 2006 through 2016 were genotyped at SNP loci, as well as five-year-
olds returning in 2017, so that most offspring of the 2012 return year could be included. (Figure
2.1). To identify five-year-olds in 2017, the relationship between length and otolith-based age was
used; individuals with body lengths >467mm and >495mm comprised 95% of all five-year-old

females and males, respectively.

To genotype individuals at SNP loci, DNA was extracted from 8,685 individuals using
Nexttec 1-Step DNA extraction kits (Nexttec Biotechnologie, Hilgertshausen, Germany). DNA

was sequenced following the GTseq protocol (Campbell et al. 2015) at 172 target SNP loci
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developed for parentage and population assignment in this system (May et al. 2020). Briefly, a
two-step PCR with barcoded primers was used to produce amplicons with individual-specific
barcodes, allowing ~2,000 individuals to be pooled in each sequencing lane. Single-end 100-base
pair sequencing was performed on pooled samples on an Illumina HiSeq4000. Individuals were
demultiplexed according to individual barcodes and genotyped using custom scripts from
Campbell et al. (2015). To ensure confidence in parentage and population assignments, we

removed any samples that were genotyped at less than 50% of loci.

We used a combination of both Colony (Jones and Wang 2010) and the R package Sequoia
(Huisman 2017) to reconstruct the pedigree across the microsatellite and SNP datasets,
respectively. Both programs utilize similar maximume-likelihood algorithms which simultaneously
assign sibship and parentage. However, Sequoia is more robust for relationship inference with
multiple and overlapping generations, as it allows for a priori life history data such as return year,
age priors, and sex. Sequoia also assigns more relationship types (i.e., third- and fourth-order
relationships), whereas Colony only assigns first- and second-order relationships. However,

Sequoia is incompatible with microsatellite loci.

A microsatellite-based pedigree was first reconstructed using Colony (Jones and Wang
2010) with microsatellite genotypes reported by Peterson et al. (2014). Briefly, we used the full-
likelihood model with unknown sexes and polygamy based on the default settings of medium run
length, medium likelihood precision, and weak sibship prior (Jones and Wang 2010). A
conservative value of 0.7 was used as the probability of sampling a parent, although a sensitivity
analysis reported by Peterson et al. (2014) indicated that this parameter had a negligible effect on
parentage assignments. To account for dispersal among creeks, as well as differences in age-at-

return, all adults from both creek populations were considered as potential parents. To verify
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parentage assignments, post hoc, we later confirmed assignments with field observations of sex to
ensure parent-pairs consisted of one male and one female. Only parentage assignments with a

likelihood score >95% were included in subsequent analyses.

The second, SNP-based pedigree comprised several overlapping generations. This
pedigree was reconstructed using Sequoia (Huisman 2017). To ensure accurate assignment with
multiple, overlapping generations, informative “age priors” for reproductive events were used.
Most individuals in our study system return to breed at four-years-old, some at five-years-old, and
very few at other age classes (Figure 2.1). Therefore, the difference in age of returning sibling
pairs is typically zero and rarely greater than one year. When overlapping generations are present,
Sequoia uses these age priors as probabilities to assign related pairs. We derived age priors from
the microsatellite-based pedigree using the MakeAgePriors function within Sequoia (procedure
described in Supplemental Figure 2.1). A low genotyping error rate of 0.001, associated with
GTseq (Campbell et al. 2015) was used, and one individual from each of any putatively duplicated
individuals identified by Sequoia was removed. We limited the maximum number of sibship

clustering iterations per individual to 10, and all other settings were set to default.

The two partial pedigrees reconstructed with microsatellites and SNPs were merged using
custom R scripts. If different parent-pairs were identified in the two partial pedigrees for a given
F1 offspring (6/2,649 F1 offspring), we prioritized the parent-pair from four years prior to the
return of the offspring, as most individuals in this system are four years old. We verified that sexes
of parent-pairs comprised one male and one female and that parent pairs were sampled in the same
year. Where logical inconsistencies occurred, we attempted to identify data entry errors before

removing one parent randomly.
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2.3.3  Population Assignment and Identification of Dispersers

To determine the natal population of returning adults, each individual was assigned
to its most likely population of origin (either A, C, or Beach) using genetic mixture analyses
implemented in rubias (Moran and Anderson 2018). All genotyped individuals were compared to
reference populations (reporting units in rubias). These reference populations for the two creeks
consisted of 200 randomly sampled offspring from each creek that were genotyped at >80% of
loci, where the parent-offspring triads (dam-sire-offspring) were observed spawning in the same
creek. The reference population for beach spawners consisted of individuals visually observed
spawning at the beach, and who were also genotyped at >80% loci. To account for genetic drift,
fish return year and spawning creek were used as reporting units. Separate population assignment
analyses were performed using the SNP dataset (2006-2017) and microsatellite dataset (2004-
2005; 2008-2010). To ensure high accuracy in assigned natal locations, only population
assignments with a probability score >0.95 (summed across collections within reporting units)

were used in further analyses.

To assess the power of the SNP and microsatellite markers to assign population of origin
between the two creek and beach populations, we simulated populations of 500 individuals using
allele frequencies from the reference datasets detailed above, following approaches implemented
in May et al. (2020). We used the self-assign, leave-one-out method of Anderson et al. (2008),
implemented in rubias with 1,000 model repetitions. The proportion of individuals correctly
assigned to each population with a probability >0.95 was quantified (summed across collections
within reporting units). Additional information for power analyses is detailed in the supplemental

materials (Supplemental Figure 2.2).
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2.3.4  Relationship Between Ecological and Phenotypic Factors and Dispersal.

We used generalized mixed effects models (GLMMSs) to determine whether ecological
mechanisms (population density and predation) and phenotypic characteristics (body shape and
return day) were correlated with the propensity of individuals to disperse among populations.
Population density was measured as fish/m? on a specific return day within a given spawning
season, and in an individual’s natal population. Predation was measured as the proportion of
individuals killed by bears on a specific return day within a given spawning season, and in an
individual’s natal population. Body shape was quantified as the ratio of body length to body depth
(Quinn and Foote 1994). Body depth was measured at the deepest vertical point, and body length
was measured from mid-eye to hypural plate (in millimeters). Return day was defined as the Julian
entry date into the spawning stream (hereafter “return day”). Only fish assigned natal populations
in the creeks were included in these models, since density or predation was not measured in lake

habitats.

We first built a full model where individual disperser phenotype (a binary trait; disperser
vs. non-disperser) was assumed to be binomially distributed, and a function of return day, density,
predation, sex, and natal population, which were all fixed effects. Sampling year was included as
a random effect to account for interannual variation in dispersal rates.

(Model 2.1) dispersal ~ return day + return day? + density + density? +

predation + natal population + sex + natal population + [YEAR]
We tested for possible variation in dispersal among the two streams and sexes by including

these terms as fixed effects. We included quadratic effects of return day and natal population

density on dispersal, following evidence of non-linear relationships between these variables
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observed in preliminary analyses. Return day, density, and predation were scaled and standardized

among all cohorts to a mean of zero and standard deviation of one to improve model convergence.

Next, we examined the effects of body shape on dispersal by constructing an additional
model where dispersal was again assumed binomially distributed, and a function of individual
body shape, sex, and natal population, which were fixed effects. This model was constructed
separately from Model 2.1 to avoid type Il error associated with including many variables in a

single model.
(Model 2.2) dispersal ~ body shape + body shape? + sex + natal population + [YEAR]

As above, we accounted for variation among sexes and streams by including these terms
as fixed effects, and interannual variation in dispersal by including a random effect of return year.
A quadratic effect of body shape on dispersal was included, again following evidence of a non-

linear relationship in this variable observed in preliminary analyses.

To ascertain which explanatory variables affected the response variable, a best-fit model
for each GLMM (Models 2.1 and 2.2, separately) was selected from simpler models that omitted
different fixed effects. Inference for this suite of models was accomplished using weighted Akaike
Information Criteria values, a commonly used measure of the proportion of the total predictive
power provided by the full suite of models (WAIC; Symonds and Moussalli 2011). The effects of

explanatory variables on response variables were interpreted in the best-fit models.

2.3.5  Fitness Consequences of Dispersal

GLMMs were also used to test for fitness differences between non-dispersers and
dispersers in each spawning population. Fitness was quantified using pedigree-based measures of

individual lifetime reproductive success, defined as the total number of returning adult offspring
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per adult individual (hereafter “reproductive success”). Individuals were categorized into three
groups (i.e., ‘dispersal category’): non-disperser, creek-to-creek disperser, or beach-to-creek
disperser. In addition, fish ‘dispersal direction’ was defined by inferred natal and spawning
populations. Thus, dispersal direction could occur from A Creek to A Creek or from C to C, to
describe fish that spawned in the same creek where they incubated as eggs; or from A Creek to C
Creek or C Creek to A Creek, to describe fish that dispersed. These models included adults
returning from 2004-2012 (FO and F1 generations), as reproductive success values for adults

returning in subsequent years would have required an additional generation of sampling.

First, a full model with a negative binomial error distribution was constructed where
reproductive success (zero and positive integer values) was a function of fixed effects for dispersal
category, sex, and spawning population.

(Model 2.3) reproductive success ~ dispersal category + sex +
spawning population + dispersal category: sex +
dispersal category: spawning population +

sex: spawning population + [YEAR]

To account for variation in reproductive success among sexes and spawning populations,
both terms were included as fixed effects. Pairwise interaction terms between sex and dispersal
category as well as spawning population and dispersal category were included to account for
possible fitness differences in dispersal between the sexes and populations. In addition, a pairwise
interaction term between sex and spawning population was included to account for possible fitness
differences between males and females spawning in the two populations. Sampling year was
treated as a random effect to account for interannual variation in fitness. Our preliminary
investigation of interannual variation in reproductive success is detailed in the supplemental

materials (Supplemental Figure 2.2).
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Individuals dispersing into A Creek were shown to have reduced fitness compared to those
dispersing into C Creek (Model 2.3, results section), suggesting an interaction between natal and
spawning habitats. Thus, we also investigated fitness differences between dispersers from the two
stream populations by constructing an additional model where reproductive success was a function
of the direction of dispersal and sex. This model included creek-origin individuals, only, as we

could not measure reproductive success of non-dispersers in the beach-spawning population.
(Model 2.4)  reproductive success ~ dispersal direction + sex + [YEAR]

As above, inference for these models was performed using model selection through wAIC
on a suite of simpler models. The effects of the explanatory variables on reproductive success were

interpreted in the best fit models.

2.4 RESULTS

2.4.1  Study System and Sample Collection

A total of 4,095 individuals sampled in 2004-2005 and 2008-2010 were genotyped using
microsatellites; of these, 3,926 (95.9%) were observed in the creeks and utilized in pedigree
reconstruction. An additional 166 (4.1%) fish were sampled after being observed spawning on the
beaches (Lin et al. 2008, Peterson et al. 2014) and used as baseline for population assignment of
the beach fish. An additional 8,685 samples collected during 2006-2017 were genotyped with
SNPs; of these, 8,391 (96.6%) were observed in the creeks and utilized for pedigree reconstruction,
and an additional 294 (3.4%) were observed spawning on the beaches and utilized for population
assignment. Only 104 of 6,123 individuals in the FO and F1 generations were observed in both
streams and were subsequently attributed to the spawning population where they were seen most

often.
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2.4.2  Genotyping and Pedigree Reconstruction

We used genotypes of microsatellite markers for individuals returning from 2004 through 2005
and 2008 through 2010 reported by Peterson et al. (2014; sourced from www.datadryad.org).
Briefly, DNA was extracted from 4,377 fin-clipped individuals. After testing for evidence of null
alleles and linkage disequilibrium, 27 individuals genotyped at less than eight of 11 microsatellite
loci were removed. We used genotypes from the remaining 4,350 individuals for pedigree

reconstruction and population assignment in this study.

Fish returning from 2006 through 2017 were genotyped at SNP loci. A total of 48 out of the
8,391 fish sampled in the creeks and genotyped at SNP loci were removed due to missing tissue
samples or degraded DNA; 322 were removed due to poor sequencing quality; 18 were duplicated
samples, and 38 duplicated genotypes identified by Sequoia were removed. Therefore, 7,965
individuals were included in pedigree reconstruction (95% of 8,391). Of the 294 representative
beach spawners selected for sequencing, 168 were genotyped at >80% of loci and used for
population assignment analyses. This low proportion of genotyped individuals was likely due to

poor DNA quality in the older beach samples (i.e., from 2004-2005).

The full pedigree comprised 9,838 individuals after merging the SNP- and microsatellite-
pedigrees (Figure 2.1). Of the 7,146 offspring returning as adults in the F1 and F2, only 15 were
assigned parents who returned in different years; in these cases, one parent from each pair was
removed, while retaining the parent from four years prior to the return of the offspring since this
was the most frequent age class. Both parents were assigned to 5,031 individuals (70.4% of F1-
F2), and a further 1,494 individuals were assigned one parent (20.8% of F1-F2); therefore, at least
one parent was assigned to 6,525 individuals (91.2% of F1-F2). Lifetime reproductive success

ranged from 0 to 33 offspring (mean = 1.78, 6® = 12.53. No offspring were assigned to 68.8% of
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female and 57.7% of male parents in the FO and F1. The overall sex ratio of individuals in the full
pedigree was 61.7% females to 38.3% males, ranging from 48% to 73% females across populations

and years (counts of individuals by sex and year provided in Figure 2.1).

2.4.3  Population Assignment and Identification of Dispersers

Spawning populations were identified for 4,243 individuals spawning in A Creek and 5,014
individuals spawning in C Creek through direct observation (total 9,257). Spawning populations
were not assigned to 443 individuals observed only at the mouths of the creeks (4.6% of 9,838

individuals in pedigree) and 7 individuals which were observed in both creeks equally.

Individuals were assigned to natal populations using genetic population assignments (95% cut
off criterion) for 3,847 fish spawning in A creek (91% of 4,243 observed spawners) and 4,270 fish
spawning in C creek (85% of 5,014 observed spawners). Therefore, 8,117 individuals were
assigned to both natal and spawning populations. Of these, 3,634 and 3,751 (total 7,385) were non-
dispersers, 171 and 320 (total 491) were beach-origin immigrants and 42 and 199 were creek-
origin immigrants (total 241) in A and C Creek, respectively. Beach-origin immigrants were more
common than creek-origin immigrants in most, but not all, years (Figure 2.2). The proportion of
immigrants in the stream populations ranged from zero to 0.25 and zero to 0.17 for creek- and
beach-origin individuals, respectively. The proportion of all creek immigrants from A to C was
greater than immigrants of the same sex from C to A (Figure 2.2); 7.2 times greater for females

and 4.3 times greater for males across all years.

A power analysis suggested that population assignment analyses accurately assigned natal
populations to individuals. A 95% probability cutoff indicated that the proportion of simulated

individuals that were correctly assigned to their natal population (assignment accuracy) for SNPs
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and microsatellites, respectively, was 0.79 and 0.91 to A Creek, 0.95 and 0.95 to C Creek, and
0.94 and 0.88 to the beach population, respectively (Supplemental Figure 2.3). This proportion
was similar to a power analysis reported in a previous study which examined assignment accuracy
in exclusively creek-origin individuals (May et al. 2020). Individual population assignments were
compared to pedigree assignments; there was 98.6% agreement between individual population
assignment and pedigree assignment in cases where the spawning population of both parents were
known (4,369 out of 4,430 F1-F2 offspring). Due to the high concordance among genetic
population assignments and the pedigree, we concluded that genetic population assignments
accurately assigned natal populations and were suitable for identifying dispersers between
populations. In the 61 cases where assigned natal population disagreed with pedigree-inferred natal

populations, the population assignment method was used for consistency.

2.4.4  Relationship Between Ecological and Phenotypic Factors and Dispersal.

We investigated ecological factors influencing dispersal of individuals between creeks using
measures of the proportion of individuals killed by bears in the natal population, density in the
natal population (fish/m?), and return day (Model 2.1). We found that dispersal was correlated with
predation, population density, return day, and natal population. Specifically, the best fit model for
these explanatory variables included terms for predation, a quadratic effect of density, a quadratic
effect of return day, and natal population (AIC = 1628.99, wAIC = 0.71, Supplemental Table 2.2;
Bpredation = 0.35, Bensity = -0.89, Baensity? = 0.49, Bretur day = 0.50, Bretum day” = -0.39, Brnatal population ¢ = -
1.40; Supplemental Figure 2.4).

The quadratic effect of return day on dispersal indicated that dispersal was more likely for
individuals returning in the middle of the spawning season, although this effect was greater in A

Creek than in C (Figure 2.3, left panels; Supplemental Figure 2.4). The peak dispersal day,
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estimated by the model (day 223) was several days after the mean return day in both creeks (return
day A: p =219, sd = 6.75; return day C u =217, sd = 6.26). Second, the quadratic relationship
observed between density (measured in the natal population on a given return day) and dispersal
indicated that dispersal was most likely during periods of either high (i.e., >0.6 fish/m?) or low
(i.e., <0.1 fish/m?) density in the natal stream and least likely during periods of intermediate density
(i.e., 0.3 fish/m? Figure 2.3, middle panels; Supplemental Figure 2.4). However, a positive
relationship between density and dispersal was only observed during periods of high densities in
A Creek, not in C Creek where density was generally lower (density A p=0.27,sd =0.20; C p =
0.19, sd = 0.12). Third, individuals were most likely to disperse when bear predation (measured in
the natal population on a given return day) was highest (Figure 2.3, right panels; Supplemental
Figure 2.4). However, the effect of predation on dispersal was greater in A Creek where predation
was greater (proportion killed by bears A p=0.05, sd =0.14; C p=0.02, sd = 0.05). Sex was not
correlated with dispersal.

The effects of body shape on dispersal were investigated using the ratio of body depth to body
length (Model 2.2). The best fit model included only the term natal population; therefore, no
relationship was detected between body shape and dispersal (AIC = 1775.11, WAIC = 0.35, Bnatal

population ¢ = -1.73; Supplemental Table 2.3).

2.45  Fitness Consequences of Dispersal

Investigation of the relationship between dispersal and fitness found that fitness varied among
non-dispersers, creek-to-creek, and beach-to creek individuals (Model 2.3). The best fit model
contained dispersal category, sex, spawning population, and no interaction terms (AIC = 15331.37,
WAIC = 0.25, Supplemental Table 2.4; Baispersal category creek = =0.114, Pdispersal category beach = =1.02, Psex

males = 0.58, Pspawning population ¢ = 0.44, Supplemental Figure 2.5, left panel). This result indicated that
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creek-to-creek dispersers, with both creeks combined, had a reduced fitness compared to non-
dispersers; although, the difference in fitness was small (Non-dispersers p = 1.83, o® = 13.10;
Creek Dispersers p=2.07, 6® = 14.3). In addition, beach immigrants had a greatly reduced fitness
compared to creek-origin individuals (Beach p = 0.66, 62 = 3.04; Creek-origin, combined = 1.83,
o? = 13.03; Figure 2.4). The positive model coefficient for spawning population indicated that
individuals spawning in C Creek had higher mean fitness than those spawning in A Creek (A Creek
=221, c°=18.0; C Creck n = 1.38, 6% = 7.57). Lastly, the positive model coefficient for sex
indicated that males had a higher mean fitness than females in both creeks (creeks combined:
Males p=2.47, 6% = 19.36; Females p=1.36, 0% = 8.24).

We further examined the effect of migration direction on fitness and found that the absolute
and relative fitness dispersers depended on whether dispersers moved from A to C or from C to A
(Model 2.4). The best fit model contained terms for dispersal direction and sex (AIC = 14689.50,
WAIC =1, Supplemental Table 2.5; Bctoc = 0.45, Bctoa = -0.23, Batoc = 0.35, Bsex males = 0.60;
Supplemental Figure 2.5). Individuals dispersing from A to C (n = 137, p=2.04, 62 = 15.60) had
increased absolute fitness compared to non-dispersers in A (n = 2,599, = 1.41, ¢® = 7.73, Figure
2.4). However, individuals dispersing from C to A (n = 23, p = 2.22, 6% = 6.54) had decreased
absolute fitness compared to non-dispersers in C (n = 1,942, u = 2.39, 62 = 19.60). Yet, relative
fitness of dispersers in C (immigrants) compared to non-dispersers in C was decreased, while

relative fitness of immigrants in A was increased (Figure 2.4).

2.5 DISCUSSION

We examined the behavioral and ecological drivers and fitness consequences of dispersal
among two stream spawning populations of Sockeye salmon (A and C Creeks), studied over two
generations (14 years). We found that high predation rates in natal populations resulted in greater
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dispersal rates. High and low population densities in natal populations also resulted in greater
dispersal rates, while intermediate densities resulted in lower dispersal. Finally, returning slightly
after the middle of the spawning season resulted in the highest likelihood of dispersing among
streams. There was no support for an effect of sex or body shape on the probability of dispersing.
Investigation of the fitness consequences of dispersal revealed several interesting results. First,
there was higher mean reproductive success for individuals in C Creek compared to A Creek.
Second, more fish moved from A Creek to C Creek than in the opposite direction, by a factor of
4.7. Third, dispersal behavior also had asymmetric fitness consequences. Fish that moved from A
Creek to C Creek increased their absolute reproductive success compared to individuals in their
natal streams, whereas this value decreased for individuals that moved from C Creek to A Creek.
Importantly, the opposite was found when relative fitness was considered. Individuals that moved
to C Creek from A creek increased their relative reproductive success compared to individuals in
their new spawning streams, whereas this value decreased for fish that moved to A Creek from C
Creek. These results provide empirical evidence of ecological and behavioral processes
influencing dispersal and highlight mechanisms generating fitness variation in natural populations.
From these results we concluded that dispersal was not a random process, and was driven by
ecological dynamics such as predation, population density, and spawn timing. We also concluded
that dispersers attempted to maximize their absolute fitness by moving to better quality habitat,
comprising a lower predation risk and population density. Yet, relative fitness was likely affected
by within-season variation in predation and density, which may have important implications for

how ecological processes affect gene flow between wild populations.
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2.5.1  Relationship Between Ecological and Phenotypic Factors and Dispersal

Increased predation by brown bears on specific days of the spawning season resulted in
increased dispersal among streams (i.e., predator-induced dispersal; Poethke et al. 2010). Increased
dispersal as a result of predation by brown bears demonstrates how predator-prey dynamics may
affect rates of gene flow among populations within a metapopulation. One explanation for
observed predator-induced dispersal may be the “scent of death” hypothesis, whereby individuals
sense the presence of predators through olfaction of predator kairomones or of conspecific stress
hormones (Kats and Dill 1998, Sih et al. 2010, Clinchy et al. 2013, Takahashi 2014). In this study,
few dispersers were observed in their natal streams, indicating no evidence of physical interaction
among dispersers and predators. Alternatively, dispersers may have entered their natal streams and
were not sampled, as sampling took place only once per day during the spawning season, and a
previous study showed exploratory behavior of dispersers in this system (Peterson et al. 2015).

The different effects of predation on dispersal in the two streams provides insight into how
differences in habitat features might affect dispersal rates. Although predator-induced dispersal
was found in both stream-spawning populations, the effect of predation on dispersal was greater
in A Creek than in C Creek, consistent with previous findings of increased predation in A Creek
(Lin et al. 2016). Differences in habitat likely explain these population differences in both
predation rate and subsequent predator-induced dispersal. A Creek is characterized by shallower,
more exposed habitat than C Creek, which has many undercut stream banks, deep pools, and more
woody debris (Pess 2009, Bentley et al. 2014, Lin et al. 2016). These habitat differences likely
reduced perceived or actual individual predation risk (Cunningham et al. 2013). Thus, there likely
exists an interaction between habitat features, predation, and dispersal, which may affect

connectivity among nearby populations.
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Here, we provide the first empirical evidence that population density on a specific day of
the spawning season can influence dispersal. Specifically, dispersal was greatest at either low or
high densities (i.e., negative and positive density-dependent dispersal, respectively; Rodrigues and
Johnstone 2014). At low densities, selectivity for body size by brown bears, and thus individual
mortality risk increases (Cunningham et al. 2013). In addition, fewer potential mates are available
at low densities (i.e., low resource availability). These factors likely led to increased dispersal. On
the other hand, high densities likely resulted in increased competition for quality spawning habitat
and mates, which drove dispersal at high densities. However, these density-dependent effects on
dispersal varied between the creeks; in A Creek, dispersal increased at both high and low densities,
while in C Creek dispersal was only observed to increase at low densities. As mean population
density was approximately 30% lower in C Creek than in A, competition for mates and spawning
sites was also likely reduced in C Creek. In addition, the proportion of individuals killed by bears
was 60% lower in C Creek, likely due to habitat differences among the two streams. Thus,
observed patterns of density-dependent dispersal likely resulted from a cost-benefit relationship
between mate availability, competition, and predation risk, resulting in an optimal density where
dispersal was least likely at intermediate density values. These patterns empirically validate recent
theoretical work (e.g., Yeakel et al. 2018) demonstrating the importance of density-dependent
dispersal for metapopulation connectivity and resilience to natural and anthropogenic disturbances
such as habitat degradation, fragmentation, and climate change.

Our finding of a polynomial relationship between dispersal and spawning season highlights
the importance of temporal dynamics to gene flow and connectivity (Fraser et al. 2007). Yet, we
also observed that the peak likelihood of dispersal occurred 2-4 days after the mean return day of

the populations. This finding might be explained by the fact that individuals returning slightly after
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the mean return day may experience the highest population densities or predation. In salmon
populations, selection coefficients for spawn timing are large and vary according to local optima
(Tillotson and Quinn 2018). These optima in turn are influenced by competition for breeding
habitat, egg incubation temperatures, and food availability after juvenile emergence (Webb and
McLay 1996, Morbey and Ydenberg 2003, Gharrett et al. 2013). Therefore, when density or
predation risk is high, a higher proportion of individuals may seek alternative spawning grounds
to increase their chances of reproducing during the optimum return time. Yet, we also found that
the effect of return time on dispersal was greatly reduced in C Creek compared to A Creek, likely
due to the much lower density and predation risk in C Creek. Therefore, we concluded that
dispersal was likely influenced by dynamic interactions among habitat features, predation

intensity, competition, and mate availability, while individual body shape and sex had no effect.

2.5.2  Fitness Consequences of Dispersal

A key question in dispersal studies is whether individuals maximize their fitness by
dispersing, as expected by theory (Hamilton and May 1977, Ronce 2007, Clobert et al. 2009, Cote
et al. 2010). Yet empirical validations of this theory are rare, and most dispersal studies
demonstrate a decreased relative fitness of dispersers in their new habitat attributed to local
adaptation (e.g., Peterson et al. 2014, Mobley et al. 2019, but see Bonte et al. 2014). Here, we were
able to examine the symmetry of dispersal and both the relative fitness (i.e., local vs. foreign) and
the absolute fitness (i.e., home vs. away) of dispersers (Kawecki and Ebert 2004). Our finding that
dispersal was asymmetric between the two streams (i.e., more dispersal from A to C Creek)
indicated that dispersal was not random and was likely an informed process (Clobert et al. 2009).
Furthermore, our finding that both dispersing and non-dispersing individuals spawning in C Creek

had more offspring on average than those returning to A Creek indicated that individuals likely
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dispersed in attempt to increase their absolute fitness. Combined, both the increased frequency of
dispersers and increased fitness of dispersers moving to C Creek provide empirical validation of
the theory that dispersal is expected to increase mean fitness.

The sum of the fitness benefits and costs to individuals reproducing in a given habitat
comprise its overall intrinsic habitat quality, which is often quantified using demographic measures
such as survival and reproduction (Johnson 2007, Bieri et al. 2018). The frequency of dispersal
and the absolute fitness of dispersers is expected to increase from low quality to high quality
habitats (Lin and Batzli 2001, Baguette et al. 2011). Here, asymmetric dispersal, in combination
with differences in habitat features, predation risk, population density, and fitness are consistent
with the expected outcomes of greater habitat quality in C Creek during the course of this study
(Kawecki and Ebert 2004, Johnson 2007, Bieri et al. 2018). Indeed, dispersers from A Creek to C
Creek had 79% more offspring on average, compared to non-dispersers in their natal stream. In
contrast, few individuals dispersed in the opposite direction from high to low quality habitat,
although the 22 individuals moving in this direction had 7% fewer offspring on average than non-
dispersers in their natal habitat. (Hamilton and May 1977, Ronce 2007, Clobert et al. 2009, Cote
et al. 2010, Bonte et al. 2014). From this evidence, we concluded that individuals dispersed in an
attempt to maximize their absolute fitness by moving from low quality (A Creek) to high quality
(C Creek) habitats (Cram et al. 2013, Bonte et al. 2014). These results provide empirical evidence
for the theory that dispersal and fitness should increase from low to high quality habitats.

The expected fitness outcomes of local adaptation between two populations predict that
relative fitness of maladapted, foreign individuals should be lower than local individuals in both
populations (Kawecki and Ebert 2004, Blanquart et al. 2013). Here, fitness differences among

creek immigrants and non-dispersers reproducing in the same habitat (i.e., local vs foreign) were
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not consistent with these expected outcomes. Here, relative fitness was decreased for immigrants
in C Creek but increased for immigrants in A Creek. From this result, we concluded that A and C
Creeks were not adaptively differentiated, despite previous evidence demonstrating significant
genetic differentiation (Lin et al. 2008).

There are two likely explanations that could explain the absence of local adaptation
between these two populations. First, gene flow, weak selection, or genetic drift may have been
sufficient to prevent adaptive divergence (Garant et al. 2007). If this were the only explanation for
the absence of local adaptation, we would expect no difference in the relative fitness of local and
foreign individuals reproducing in a given habitat (Kawecki and Ebert 2004). Yet, we did observe
differences in relative fitness. A second explanation is that within-season temporal variation in
ecological conditions are expected to result in differences in relative fitness of local and foreign
individuals (Kawecki and Ebert 2004). Temporal variability is also expected to promote the
evolution of dispersal (Levin et al. 1984, Holt and McPeek 1996); however, empirical validations
of this theory remain a key challenge in studies of natural populations (Cayuela et al. 2018). Here,
we observed greater variation in predation and density in A Creek relative to C. Therefore,
increased variation in density and predation may have conveyed a fitness benefit to immigrants in
A Creek during periods when conditions were favorable, despite predation and competition being
greater overall (i.e., on average) in A Creek. This study did not explicitly test for the evolution of
dispersal phenotypes. However, if dispersal has a genetic basis, our findings may empirically
demonstrate how temporal variation in ecological processes may increase the relative fitness of
dispersers and promote the evolution of dispersal phenotypes.

Beach-origin individuals had almost three times fewer offspring than creek-origin

individuals in both stream habitats, and differences in the mean fitness of beach individuals
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spawning in the two streams were small. Fitness differences between beach- and creek-origin fish
are likely due to locally adapted differences among the beach and creek ecotypes, which have
distinct body morphologies (Peterson et al. 2014, Larson et al. 2017). Yet reduced fitness in beach
immigrants could also be due to exploratory behavior of beach individuals that subsequently
returned to the beach habitats to spawn (Peterson et al. 2015). It was not possible to quantify fitness
in the beach population, so we could not fully test whether the beach and creek populations exhibit
locally adapted differences (Kawecki and Ebert 2004). In other words, while the beach fish had
reduced reproductive success in the creek habitats, we cannot test the relative fitness of creek fish

who reproduce in the beach habitats.

2.5.3  Assumptions and Limitations

This study made the following assumptions. First, we assumed that missing data in the
pedigree were random and did not systematically bias our assessment of ecological and phenotypic
characteristics or reproductive success values. We found that 70% and 20% of the 7,146
individuals in the F1 and F2 generations were assigned both parents and one parent, respectively.
Thus, pedigree size and completeness were high relative to similar pedigree-based studies (e.g.,
Aguillon et al. 2017, Reid et al. 2021). However, we did not sample the adjacent beach spawning
population, and it is likely that some individuals dispersed from the creeks to the beaches (Lin et
al. 2008). A higher proportion of creek to beach dispersers may have come from A Creek,
following our finding of increased dispersal out of A Creek. However, due to the close proximity
of the stream habitats and low competitive ability of small-bodied stream fish relative to beach
fish in the lake habitat (Lin et al. 2008), we found it unlikely that dispersal to the beach population

was asymmetric between the two creeks.
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Second, we assumed that population assignment analyses accurately determined individual
natal populations and that subsequent identification of dispersers was unbiased regarding
population. Power analyses indicated that between 79% and 95% of A and C individuals could be
correctly assigned to their natal populations of origin. However, this test depended on a random
draw of 200 reference individuals from each population and was lower than expected in some
populations, likely due to undetected hybrids in the reference populations used. We assigned
population of origin to all individuals using a repeated leave-one-out approach with a 95%
confidence threshold, utilizing all individuals in the pedigree to increase power. In comparing natal
population assignments to the pedigree, we found >97% agreement in cases where two parents
were assigned. From this we concluded that natal populations were assigned accurately, with few
misassigned individuals. The use of a 95% confidence threshold may have increased type Il error
associated with correctly assigned individuals being assigned no natal location; however, this
would merely have decreased the number of individuals in the dataset and would not have resulted
in any systematic bias.

Third, we assumed that estimation of individual return days approximated individual
spawn timing. We found this likely as Sockeye salmon are known to spawn with 1-3 days of
entering spawning streams (Esteve 2005, Lisi et al. 2013).

Fourth, we estimated population density and predation in the natal population on the return
day of individuals to their spawning populations. Thus, we assumed that dispersing individuals
explored their natal population on the same day that they entered their spawning population. While
this may not have been true in all cases, we still found it likely that the emigration, transience, and
immigration phases of dispersal (Cayuela et al. 2018) took place within 1-3 days, consistent with

previous findings of exploratory behaviors of dispersers in this system (Peterson et al. 2015). From
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assessments of these assumptions, we conclude that our study design was unbiased with regard to
population, although the effect of the beach population on between-stream dispersal remains

unclear.

2.5.4  Conclusions and Impacts

This study is one of the first to provide empirical evidence of the effects of ecological
dynamics and habitat on dispersal and its fitness consequences. Specifically, we conclude that
dispersal was likely an informed process, resulting from a combination of differences in habitat
features, predation intensity, and population densities. These findings have implications for how
anthropogenic impacts on local environmental or demographic processes may have consequences
for dispersal rates, gene flow, adaptation, and ultimately population recruitment and resilience.

Anthropogenic impacts such as habitat degradation, harvest, supplementation, or climate
change are of growing concern to wild salmonid populations (Reed et al. 2011, Crozier et al. 2019,
Thompson et al. 2019). Such anthropogenic effects may influence ecological and environmental
dynamics that are essential to wild population viability. For example, population densities in
salmonids are affected by supplementation programs (Buhle et al. 2009, Tatara and Berejikian
2012, Amoroso et al. 2017) and commercial harvest (Minto et al. 2008, Kolchin et al. 2021). In
addition, anthropogenic development projects and climate change can also affect the availability
and quality of salmon spawning habitats at various lifecycle stages (Pess et al. 2003, Schindler et
al. 2008, Pitman et al. 2021). We demonstrate how changes to wild population dynamics such as
density, predation, and habitat can affect dispersal and gene flow among populations. Therefore,
human activities which affect these dynamics may also indirectly impact fitness, genetic diversity,
and adaptive divergence in wild metapopulations (Thompson et al. 2019). Adaptive life history

diversity in heterogenous landscapes increases the stability of metapopulations (Schindler et al.
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2015, Brennan et al. 2019). It follows that anthropogenic effects on dispersal and gene flow may

decrease the effectiveness of ecological portfolios to buffer against future changes.
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2.6 FIGURES
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Figure 2.1. A) Schematic of pedigree structure; includes only four- and five-year-old
individuals. Horizontal arrows track cohorts from brood year to return year, and alternating gray
colors indicates age structure for individuals born in the same year. Brackets indicate generation

(FO, F1, or F2) and marker type used for sequencing (microsatellites or SNPs). B) Summary
statistics for pedigree reconstruction, population assignment, and identification of dispersers.
Percentages are given in reference to the F1-F2 generations for parentage assignments and to
total number of individuals in the pedigree for population assignment. C) Number of individuals
included in the reconstructed pedigree (y axis) across adult return years (x axis). Data separated
by stream spawning population (A Creek or C Creek), sex, and age class determined from
pedigree (where known; colors). D) Map of study sites previously published by Peterson et al.

(2014). Square inset map indicates sample location on the Wood River System, Bristol Bay, AK.
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immigrants (grey; Creek), or beach-to-creek immigrants (black; Beach) for each sex and
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Figure 2.3. Effects of return day, population density, and predation (x-axis) on the proportion
of dispersers (y —axis, square root scale) across two creeks. Return day was estimated as the
Julian date each fish was first seen in the stream. Density was estimated as the density (fish/m2)
in the individual’s natal population on its return day. Predation was estimated as the proportion
of individuals killed by bears in the individual’s natal population on its return day. Dashed lines
give the mean of each x-axis variable in each population. Empirical estimates for proportion of
dispersers (points) are given as either the proportion of dispersers for each x-axis value within
return years (gray) or the proportion of dispersers for binned x-axis values among all return years
(red). Solid lines give the fitted values of the best-fit mixed effects model (Model 2.1 in text).
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Figure 2.4. Mean reproductive success (fitness) of non-dispersing and dispersing individuals
representing three natal habitats. Individuals are grouped by their natal population (colors) and
spawning population (x axis). Reproductive success (y axis) is the mean number of offspring of

individuals in each dispersal category, derived from the pedigree. Error bars are given as 95%
confidence intervals. Solid lines compare the absolute fitness of individuals who dispersed from

their natal population. Fitness of fish from the beach population, in their natal habitat was not
known. Dashed line indicates the mean reproductive success value of two, necessary to maintain
a stable population size over time. Inference was performed using mixed effect models (Models

3-4 in text, but see also Supplemental Figure 2.5 for model coefficients and standard errors).
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2.7 SUPPLEMENTAL MATERIALS
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Supplemental Figure 2.1. Age priors used for SNP pedigree reconstruction in Sequoia. Priors
were generated from the microsatellite-based pedigree (see text for details) using the
MakeAgePrior function in Sequoia. Relationship (x-axis) is either mother (M), father (P), full
sibling (FS), maternal half-sibling (MS), or paternal half-sibling (PS). Possible age differences
are provided within relationship categories (y-axis). Age priors (color scale) are a frequency
function of the age difference in years (A, y-axis) given each relationship (R), divided by the
frequency of each age difference in the pedigree (Huisman 2017). These results show that nearly
all parent-offspring relationships are either four or five years apart, reflecting the high frequency

of four- and five-year-old individuals in these populations. Similarly, most full-sibships are zero
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years apart, with some pairs one year apart, as >80 individuals in the system are four years old
and the remainder are primarily five years old. The greatest variance in age difference is among
half-sib pairs, as these may be up to two years apart, and rarely three years apart. Although, most
half-sib pairs return in the same year (zero years apart).
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Supplemental Figure 2.2. Analyses of mean lifetime reproductive success values (y-axis)

across return years (x-axis) for individuals originating in either creek population. Individuals

were grouped by dispersal category (color) as either philopatric (i.e., non-dispersers, blue) or

emigrants originating in one stream but spawning in the other stream (i.e., dispersers, orange).

Error bars are given as 95% confidence intervals about the mean. To examine interannual

variation in reproductive success in each stream habitat, the coefficient of variation among years

was estimated for non-dispersing individuals, only (CV, upper right values). Non-dispersers were

used to remove differences in fitness estimates due to differences among populations. These

results showed that the mean fitness of dispersers was higher than that of non-dispersers for

females in A Creek in five of eight years with detected dispersers. Yet male dispersers in A

Creek had higher fitness than non-dispersers only in two of six years with detected dispersers.

However, years where dispersers had lower fitness than non-dispersers also had a smaller sample

size (i.e., one individual, shown here as no 95% confidence interval about the mean). In C Creek,

these results showed that dispersers were detected in few years compared to A Creek (C: 5 years;
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A: 8 years). In addition, dispersers in C Creek had decreased fitness compared to non-dispersers
in two of three years for females and three of four years for males where dispersers were
detected.
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Supplemental Figure 2.3. Power analysis investigating population assignment accuracy,
measured as the proportion of simulated individuals assigned to the population they were
simulated from (y-axis), among 500 simulated individuals for each population (A Creek, C
Creek, and Beach; x-axis). Separate analyses were performed for SNPs (blue) and microsatellites
(red) for individual most-likely assignment (left, does not account for probability of assignment)
and for individuals whose probability of assignment was >0.95 (right). Error bars represent 95%
confidence intervals about the mean of 1,000 model repetitions. As expected, there was a higher
proportion of individuals assigned correctly to their natal location when a 95% probability
threshold was used. We ultimately chose to proceed with a 95% probability threshold to ensure
accurate estimates of natal locations and identification of dispersers, as all further analyses in this
study depended on accurate identification of dispersers. This resulted in natal assignments for
91% and 85% of individuals in A and C Creeks, respectively. Natal population assignments were
later validated by comparing them the spawning location of pedigreed parents. We found that
98.6% of natal population assignments agreed with parent spawning locations in cases where

both parents were identified.
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Supplemental Figure 2.4. Model coefficients, (x-axis) for GLMMs investigating the
relationship between ecological covariates, (fixed effects, y-axis) and dispersal (response
variable). Results reported for the best-fit model (Model 2.1 in text). Point estimates are bounded
by model-estimated standard error bars. Sex was the only fixed effect examined that was not

included in the best fit model.
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Supplemental Figure 2.5. Model coefficients (x-axes) for GLMMs investigating the
relationship between dispersal (fixed effects, y-axes) and reproductive success (response
variables). Results reported for the best-fit models (Model 2.3 — Left; Model 2.4 — Right). Point
estimates are bounded by model-estimated standard error bars. Specifically, these models were
constructed to investigate the effects of ‘dispersal category’ (Model 2.3 — Left; either non-
dispersers, creek-to-creek dispersers, or beach-to-creek dispersers) and ‘dispersal direction’
(Model 2.4 — Right; either Ato A, Ato C, Cto A, or C to C) on reproductive success. These
were included as discrete fixed effects, and the first category in each variable was incorporated
into model intercepts (non-dispersers — Left; A to A — Right). We interpreted the effects of all
covariates in these best-fit models on reproductive success by examining empirical mean

reproductive success values for each of these categories (Figure 2.4).
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Supplemental Table 2.1. Summary statistics for reproductive success for each dispersal
category, migration direction, and sex: sample size (n), mean (p), standard deviation (), and

maximum value (max).

Categories Reproductive Success
Disp. Migrant Type Sex |n v o2 max
F 1690 1.06 497 16
5 Ato A
S M [909 205 1225 25
o
2
o F 1193 190 13.18 31
S CtoC
< M | 749 3.18 2894 33
F 13 1.77 320 4
CtoA
M |10 280 11.09 8
S
5 F |94 171 1159 16
AtoC
M |43 2.77 2430 20
F |81 057 3.06 9
Beach to A
M |28 086 441 7
S
(58]
et F 149 0.65 3.03 14
Beachto C
M |74 072 279 8
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Supplemental Table 2.2. Results of stepwise generalized linear mixed-effect model selection
procedures to explain dispersal as response variables (Model 2.1 in text). Fixed effects included
return day (day of first entry), density (fish/m?), predation (proportion killed by bears) sex (Male

or Female), natal population (A Creek or C Creek), or null (1). All models included a random
effect of year. Models were evaluated with the Akaike Information Criterion (AIC). All models
were compared to the best-fit model by comparing AIC values (AAIC). The weighted AIC score

(WAIC) is the proportion of the total predictive power provided by the full set of models. Log-

likelihood (LL) accounts for the number of model parameters (K). The null model refers to an

intercept-only model with no covariates.

Fixed Effects K LL AIC AAIC wAIC
return day + return day? + density + density> 8 -806.50 1628.99 0.00 0.71
+ predation + natal population

return day + return day? + density + density> 9 -806.38  1630.76 1.77 0.29

+ predation + sex + natal population

return day + return day? + density + density> 7 -823.43 1660.85  31.86 0.00
+ natal population

density + density? + predation + natal 6 -826.85 1665.70 36.71 0.00
population

return day + density + density? + predation+ 7 -825.97  1665.94 36.95 0.00
natal population

density + density? + predation + sex + natal 7 -826.22 1666.43 37.44 0.00
population

return day + density + density? + predation + 8 -825.54  1667.08 38.09 0.00
sex + natal population

return day + return day? + density + 7 -834.67 1683.33 54.34 0.00
predation + natal population

return day + return day? + density + 8 -834.55 1685.10 56.11 0.00
predation + sex + natal population

return day + density + density? + natal 6 -838.11 1688.22 59.23 0.00
population

return day + density + density? + sex + natal 7 -837.73 1689.46 60.47 0.00
population

density + density? + natal population 5 -840.29 1690.58 61.59 0.00

density + density? + sex + natal population 6 -839.58 1691.16 62.17 0.00
return day + return day? + density + density> 7 -839.03 1692.06  63.07 0.00
+ predation

return day + return day? + density + density?> 8 -838.95 1693.89  64.90 0.00
+ predation + sex
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return day + return day? + predation + natal
population

return day + return day? + predation + sex +
natal population

return day + return day? + density + natal
population

return day + density + predation + natal
population

return day + density + predation + sex +
natal population

return day + predation + sex + natal
population

return day + return day? + natal population
return day + return day? + sex + natal
population

density + predation + natal population
density + predation + sex + natal population
return day + return day? + density + density?
return day + density + density? + predation
return day + return day? + density + density?
+ sex

return day + density + density? + predation +
sex

predation + natal population

predation + sex + natal population

return day + density + natal population
density + density? + predation + sex

density + density? + predation

return day + density + sex + natal population
return day + natal population

return day + sex + natal population

density + sex + natal population

density + natal population

natal population

sex + natal population

return day + return day? + density +
predation

return day + density + density?
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-844.92

-844.86

-848.61

-856.36

-855.99

-858.02

-859.04
-858.95

-860.85
-859.94
-860.92
-861.24
-860.81

-860.85

-864.44
-863.63
-865.39
-864.49
-865.56
-865.04
-867.75
-867.50
-870.61
-871.63
-875.61
-874.74
-875.45

-876.57
-876.20

1701.85

1703.72

1709.22

1724.72

1725.97

1728.04

1728.09
1729.91

1731.70
1731.88
1733.83
1734.49
1735.62

1735.70

1736.87
1737.26
1740.78
1740.99
1741.11
1742.08
1743.51
1745.01
1751.22
1751.26
1757.22
1757.49
1762.91

1763.14
1764.39

72.86

74.73

80.22

95.72

96.98

99.05

99.10
100.92

102.71
102.89
104.84
105.49
106.63

106.71

107.88
108.27
111.79
111.99
112.12
113.09
114.52
116.02
122.23
122.27
128.22
128.50
133.92

134.15
135.40

0.00

0.00

0.00

0.00

0.00

0.00

0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00



return day + return day? + density +
predation + sex

return day + return day? + predation
return day + return day? + predation + sex
density + density? + sex

density + density?

return day + return day? + density
return day + predation

return day + predation + sex

return day + return day? + density + sex
return day + density + predation
return day + density + predation + sex
return day + return day?

return day

predation + sex

predation

density + predation + sex

return day + density

density + predation

return day + density + sex

sex

density + sex

1

density
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-875.44

-878.71
-878.70
-883.41
-884.76
-895.01
-896.12
-895.94
-894.99
-896.09
-895.91
-898.43
-908.93
-908.13
-909.28
-907.59
-908.78
-908.84
-908.63
-925.83
-925.09
-927.11
-926.53

1764.87

1767.41
1769.40
1776.82
1777.52
1800.01
1800.23
1801.89
1801.97
1802.18
1803.81
1804.86
1823.86
1824.26
1824.56
1825.19
1825.56
1825.69
1827.27
1857.67
1858.18
1858.22
1859.06

135.88

138.42
140.41
147.83
148.52
171.02
171.24
172.89
172.98
173.19
174.82
175.87
194.87
195.27
195.57
196.19
196.57
196.70
198.28
228.68
229.19
229.23
230.07

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Supplemental Table 2.3. Results of stepwise generalized linear mixed-effect model selection

procedures to explain dispersal as response variables (Model 2.2 in text). Fixed effects included

body shape (depth/length), sex (Male or Female), natal population (A Creek or C Creek), or null

(2). All models included a random effect of year. Models were evaluated with the Akaike

Information Criterion (AIC). All models were compared to the best-fit model by comparing AIC

values (AAIC). The weighted AIC score (WAIC) is the proportion of the total predictive power

provided by the full set of models. Log-likelihood (LL) accounts for the number of model

parameters (K). The null model refers to an intercept-only model with no covariates.

Fixed Effects K LL AlC AAIC  wAIC
natal population 3 -88456 177511 O 0.39
sex + natal population 4 -883.79 177557 0.46 0.31
shape + natal population 4 -884.36 1776.71 1.60 0.17
shape + sex + natal population 5 -883.68 1777.35 224 0.13
sex 3 -940.09 1886.19 111.07 0.00
1 2 -041.24 1886.49 111.37 0.00
shape 3 -940.38 1886.75 111.64 0.00
shape + sex 4 -940.06 1888.12 113.01 0.00
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Supplemental Table 2.4. Results of stepwise generalized linear mixed-effect model selection
procedures to explain fitness as response variables (Model 2.3 in text). Fixed effects included
dispersal category (Non-disperser, Creek-to-Creek, or Beach-to-Creek), sex (Male or Female),
spawning population (A Creek or C Creek), or null (1). All models included a random effect of
year. Models were evaluated with the Akaike Information Criterion (AIC). All models were
compared to the best-fit model by comparing AIC values (AAIC). The weighted AIC score
(WAIC) is the proportion of the total predictive power provided by the full set of models. Log-
likelihood (LL) accounts for the number of model parameters (K). The null model refers to an

intercept-only model with no covariates.

Fixed Effects K LL AlC AAIC  wAIC
dispersal category + sex + spawning 7 -806.50 1628.99 0.00 0.71
population

dispersal category + spawning population 8  -806.38 1630.76 1.77 0.29
+ spawning population:sex

dispersal category + sex + spawning 8 -823.42 1660.85 31.86 0.00
population + sex:spawning population

dispersal category + sex + spawning 9 -826.85 1665.70 36.71 0.00
population + dispersal category:sex

dispersal category + sex + dispersal 10 -825.97 1665.94 36.95 0.00
category:sex + sex:spawning population

dispersal category + sex + spawning 10 -826.22 1666.43 37.44 0.00

population + dispersal category:sex +
sex:spawning population

dispersal category + sex + spawning 9 -82554 1667.08 38.09 0.00
population + dispersal category:spawning

population

dispersal category + sex + spawning 10 -834.66 1683.33 54.34 0.00

population + dispersal category:spawning
population + sex:spawning population

dispersal category + sex + spawning 11 -83455 1685.10 56.11 0.00
population + dispersal category:sex +
dispersal category:spawning population

dispersal category + sex + spawning 12 -838.11 1688.22 59.23 0.00
population + dispersal category:sex +

dispersal category:spawning population +

sex:spawning population
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dispersal category + sex + dispersal
category:sex

sex + spawning population

sex + spawning population +
sex:spawning population

sex
dispersal category + spawning population
dispersal category

spawning population

1

[ep}

w »~ O O b

-837.73

-840.29
-839.58

-839.03
-838.95
-844.92
-844.86
-848.61

1689.46

1690.58
1691.16

1692.06
1693.89
1701.85
1703.72
1709.22

60.47

61.59
62.17

63.07
64.90
72.86
74.73
80.22

0.00

0.00
0.00

0.00
0.00
0.00
0.00
0.00
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Supplemental Table 2.5. Results of stepwise generalized linear mixed-effect model selection

procedures to explain fitness as response variables (Model 2.4 in text). Fixed effects included
dispersal direction (Ato A, Cto C, Ato C, or Cto A), sex (Male or Female), or null (1). All

models included a random effect of year. Models were evaluated with the Akaike Information

Criterion (AIC). All models were compared to the best-fit model by comparing AIC values

(AAIC). The weighted AIC score (WAIC) is the proportion of the total predictive power provided

by the full set of models. Log-likelihood (LL) accounts for the number of model parameters (K).

The null model refers to an intercept-only model with no covariates.

Fixed Effects K LL AlC AAIC wAIC
Stray direction + sex 7 -7337.75 14689.50 O 1.00
Sex 4 -7363.88  14735.76 46.26 0.00
Stray direction 6 -7388.53  14789.06 99.56 0.00
1 3 -7414.18 14834.35 144.85 0.00
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Chapter 3. HOMING IN SPACE AND TIME DRIVES FINE-SCALE
POPULATION STRUCTURE AND INFLUENCES
FITNESS

Authors: Samuel A. May, Emily K. Bowers, Andrea N. Odell, David J. Paez, Ray Hilborn, Lorenz
Hauser, and Kerry A. Naish

3.1 ABSTRACT

Most eco-evolutionary models currently used in management to predict the impacts of
anthropogenic activities on wild population dynamics assume random mating within populations.
Yet, environmental, behavioral, and life-history variation may increase the likelihood of mating
between individuals who share phenotypes or ancestry (i.e., assortative mating). In salmonid
systems, natal homing behaviors may result in assortative mating systems if individuals return to
natal sites within continuous breeding populations. However, the fine-scale resolution at which
homing occurs in both space and time and the effects of homing on genetic structure and fitness
variation within populations remains largely unknown. This study aimed to examine the extent,
drivers, and fitness consequences of natal homing and population structure within Sockeye salmon
populations. To achieve this aim, we used 14 years of field surveys and full pedigrees of two
stream-spawning populations of Sockeye salmon in Bristol Bay, Alaska (A and C Creeks). First,
to test whether related individuals clustered together in space and time, we compared pairwise
pedigree-based relatedness values to pairwise distance values using a series of autocorrelation
analyses. Findings indicated evidence of both spatial and temporal genetic structure within both
streams; individuals returning within 50 meters and within five days of each other were more

related than expected by chance. Second, to determine if genetic structure resulted from natal
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homing behaviors, we examined the correlation between individual natal and spawning locations
within the streams. Results showed that spatial and temporal structure within populations could be
partly explained by fine-scale homing; individuals returned to the same place and at the same time
as they were fertilized as eggs. Third, to quantify the fitness consequences associated with straying
away from natal sites, stray distances were measured as the distance between individual natal and
spawning locations in the streams. We examined the effect of these stray distance values on
individual lifetime reproductive success and found that, in one of the two creeks, individuals
returning to spawn near natal sites had greater reproductive success. This result may provide
evidence for microgeographic adaptation if individuals were adapted to specific natal locations
within the streams. However, there was no evidence of a fitness benefit to individuals returning at
the same time as they were fertilized as eggs. Spawning habitat also influenced fitness, as
reproductive success was correlated with spawning location within both streams. Results were
consistent with the expected outcomes of an assortative mating system, as phenotypes of body
shape, return timing, and sex were spatially segregated within the streams. Taken together, the
clustering of both relatives and phenotypes within the streams provided strong evidence for an
assortative mating system within these small populations. The results of this study provide
empirical evidence demonstrating how natal homing, reproductive timing, and habitat
characteristics can generate population structure on very small spatial and temporal scales. While
eco-evolutionary models currently used in management assume random mating within
populations, we show how processes influencing non-random mating may better represent natural

population dynamics.
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3.2 INTRODUCTION

The life histories of aggregating species such as salmonids, sea turtles, and birds often involve
round-trip movement among different habitats for reproduction, refuge, and feeding (Milner-
Gulland et al. 2011). In many species, homing behaviors to natal habitats produce genetically
structured metapopulations, where non-random mating, combined with geographic and
demographic barriers, may result in locally adapted populations (Hanski 1999, Xu 2018). This
population diversity can buffer metapopulations against disruptive events that influence any one
subunit through portfolio effects (Schindler et al. 2010, Brennan et al. 2019). Yet, the scale and
drivers of population structure and its effects on fitness are poorly understood in many wild
populations. As a result, current models used in management to predict the impact of
anthropogenic activities often assume random mating (i.e., panmixia) within populations (e.g.,
Avraki et al. 2008, Willoughby and Christie 2019). However, processes that influence non-random
mating may more accurately represent wild population dynamics (Edelaar and Bolnick 2012).
Thus, by examining the scale and fitness consequences of structure within populations, it may be
possible to better predict how wild populations may respond to environmental and anthropogenic
changes.

The scale and extent of population structure is controlled by the rate of gene flow within and
among populations (Waples and Gaggiotti 2006). Genetic structure within populations might result
from a combination of precise natal homing and ecological processes which influence movements
within habitat patches (Neville et al. 2006). Within population structure may increase the
likelihood of mating among relatives (i.e., inbreeding) and among individuals who share
phenotypes (i.e., assortative mating), both of which can affect fitness and rates of gene flow (Jiang

et al. 2013, Kardos et al. 2016). Recent studies have examined how assortative mating, strong
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selection, and limited gene flow may result in local adaptation within populations, leading to
microgeographic adaptation; (Torres Dowdall et al. 2012, Gharrett et al. 2013, Richardson et al.
2014, Reid et al. 2021). Thus, homing to a specific place or time within a continuous breeding
population (hereafter, ‘fine-scale homing’) may convey fitness benefits if individuals are better
suited to conditions in their natal environments (Richardson et al. 2014).

Salmonid fishes (especially Oncorhynchus and Salmo spp.) have served as model species in
studies of population structure and gene flow (Hendry et al. 2004). The majority of adults return
to their natal habitats, although some fraction disperse (Keefer and Caudill 2014). These dispersers
are referred to as termed ‘strays’ in the salmonid literature (Hendry et al. 2004). The anadromous
lifecycle of many salmonids permits sampling of returning populations on or near their spawning
habitats (Lin et al. 2016, Barnett et al. 2019, Link and English 2020).

There is evidence for departures from panmixia within continuous breeding populations of
salmonids. Fine-scale spatial structure in salmonids suggests that individuals may home to within
kilometers of their natal site in a particular river-reach (Bentzen et al. 2001, Stewart et al. 2003,
Neville et al. 2006, Stelkens et al. 2012, Barnett et al. 2019). Experimental evidence using heat-
tagged otoliths has shown how Sockeye salmon (Oncorhynchus nerka) may return within meters
of their natal site of incubation, suggesting homing as a mechanism for widespread structure within
geographically continuous populations (Quinn et al. 2006). In addition, a recent study by Camacho
and Hendry (2020) found a positive correlation between body shape, stream depth in spawning
locations, and reproductive lifespan in Sockeye salmon, indicating how phenotypic clustering may
convey fitness benefits if increased reproductive lifespan results in more offspring.

Furthermore, salmon home not just in space, but also in time; high heritability values have

been estimated for return timing (Hendry and Day 2005, Carlson and Seamons 2008). Individuals
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may also return to spawn at the same time as others with similar phenotypes (Doctor and Quinn
2009). Such temporal structuring may indicate possible adaptation-by-time if certain phenotypes
have greater fitness at particular times during the spawning season (Hendry et al. 1999). These
findings of fine-scale spatial and temporal structure suggest that non-random mating may play a
larger role in controlling gene flow and adaptation within populations than previously thought.
Yet, no study has quantified both the scale of population structure and the fitness consequences of
this structure within salmonid populations. By examining structure and its fitness effects within
salmonid populations, we may better understand the relative influence of natal homing behaviors
and phenotypic clustering on assortative mating regimes and fitness.

In natural environments, the detection of fine-scale genetic structure and its fitness
consequences requires the gquantification of relatedness between breeding individuals and their
fitness (Edelaar and Bolnick 2012). Pedigree-based studies of wild populations have the ability to
provide this information (Pemberton 2008, Peterson et al. 2014). Thus, an ideal study system to
examine fine-scale genetic structure and its effects on fitness would be in a species that homes to
natal breeding grounds, has a pedigree, and has individual-level data for breeding locations.
Coupled with ecological and individual-level data from long-term monitoring programs, such a
pedigree would allow for powerful inference into the effects of ecology and behavior on gene flow
and fitness within populations.

Comparisons of ecological and evolutionary processes among multiple populations and
habitats provide valuable experimental replication and insights into how processes might differ
among habitats (Fraser et al. 2020). Here, we used pedigrees of two intensively sampled breeding
populations of Sockeye salmon in Bristol Bay, Alaska (May et al. in prep, Ch2). This program has

been conducted over 14 years and across two complete generations of returning adults (FO to F2).
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Morphological and behavioral data, including arrival timing and movement on the spawning
grounds has been collected for individual returning adults, permitting both within and between
population analyses of fine-scale processes. For example, our previous study investigating A and
C Creek provided insights into how ecological mechanisms influenced dispersal, as well as how
fitness outcomes of dispersal varied among the two habitats (May et al. in prep, Ch2). The use of
two wild populations allows for replication and validation of empirical findings and comparisons
of how behavior and patterns of genetic structure may vary in different habitats.

The present study seeks to quantify the scale and fitness consequences of spatial and temporal
structure within continuous breeding populations of Sockeye salmon. This work will inform our
understanding of the mechanisms that control assortative mating regimes and fitness variation
within populations. Our objectives were: 1) to quantify the scale of spatial and temporal structure
by estimating autocorrelation in pairwise relatedness values among individuals within cohorts,
across two generations of returning adults; 2) to test whether any spatial and temporal structure
within a returning cohort is a result of homing to natal incubation sites; and 3) to determine whether
homing and straying behaviors in space and time are correlated with the reproductive success of
returning adults. We discuss the ecological and behavioral drivers of genetic structure within
populations. This information in turn may aid efforts to predict the effects of ecological and
anthropogenic changes on fitness and resilience in these culturally and economically significant

species.
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3.3 METHODS

3.3.1  Sample Collection and Pedigree Reconstruction

Tissue samples were collected as part of a long-term field program from a wild Sockeye
salmon metapopulation on Little Togiak Lake, Bristol Bay, Alaska (Peterson et al. 2014, Lin et al.
2016) May et al. in prep, Ch2). The system comprises two distinct creeks: known as “A” and “C”.
These creeks are approximately 1km apart, 350m and 450m long, respectively, and each host 150-
800 spawners per year. “A” Creek is shallow with little refuge, making it poor habitat for predator
avoidance (Pess 2009, Lin et al. 2016). In contrast, “C” Creek is more heterogeneous habitat with
many undercut banks and deep pools, particularly in the upper reaches of the creek (Pess 2009),
resulting in a longer average in-creek lifespan and reduced predation risk (Lin et al. 2016). Sockeye
salmon spawn in the streams from late July through late August. A separate, morphologically and
genetically distinct population also spawns along the lake beaches at the mouths of these streams
from late July through late September (Lin et al. 2008). Sockeye salmon senesce after spawning

and do not return to breed in subsequent years (they are semelparous).

Adults were tagged daily upon entrance into the creeks with uniquely labeled plastic disc
tags, although some were captured using beach seines and tagged at the mouths of the creeks before
entry. At tagging, fish length (mid-eye to hypural plate), body depth, and sex were recorded, and
dorsal fin tissue samples were collected and stored in 100% ethanol. Daily location measured in
10m meter sections from the mouth of the creek of each tagged fish was recorded using visual
surveys. Upon death, otoliths were removed for fish aging where possible. Four-year-old fish

dominate this system, with some age five individuals (May et al. in prep, Ch2).
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A two-generation pedigree of adults returning to the A and C Creek populations, originally
reported in a previous study (May et al. in prep, Ch2), was used to estimate relationships between
individuals and to estimate the number of offspring from each returning adult (i.e., lifetime
reproductive success). Briefly, the pedigree included FO-F2 adults returning between years 2004
and 2017 (Figure 3.1). A combination of 11 microsatellite loci (Peterson et al. 2014) and 172 single
nucleotide polymorphism (SNP; May et al. 2020) loci were used to genotype individuals observed
in the stream habitats. In addition, a representative sample of individuals spawning on the beach
were included for later use in identifying beach immigrants using assignment tests (May et al.
2020). The microsatellite-based pedigree for years 2004 through 2005 and 2008 through 2010
(Peterson et al. 2014) was constructed using Colony2 (Jones and Wang 2010), and additional
cohorts returning in 2006 through 2007 and 2011 through 2017 were added using SNP genotypes

(May et al. in prep, Ch2) and Sequoia (Huisman 2017).

3.3.2  Estimation of Spatial, Temporal, and Relatedness Parameters

The first objective was to investigate the scale of spatial and temporal genetic structure
within the two creeks. Spatial genetic structure was defined as related individuals spawning closer
together in space than expected in a randomly distributed population. Similarly, temporal genetic
structure was defined as related individuals spawning closer together in time than expected in a
randomly mixed population. To test whether closely related individuals clustered in space or time
compared to randomly mixed (i.e., panmictic) populations, we examined the extent of
autocorrelation among pairwise relatedness values across spatial (river meter) and temporal (return
day) measures (Smouse and Peakall 1999).

Pedigree-based relatedness values (e.g., full-siblings = 0.5, half siblings = 0.25) were

estimated among all individuals within cohorts using Kinship2 (Sinnwell et al. 2014). Pairwise
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relationships among individuals genotyped in 2017 were excluded, as only a portion of the
population were included in the pedigree in that year (May et al. in prep, Ch2).

Pairwise spatial distances were defined as the difference, in meters, between the spawning
locations of returning adults (i.e., redd locations). Spawning locations were not recorded in the
field and were inferred using an average of observed in-stream daily locations for individual fish,
until they died post-spawning. Sockeye salmon are known to explore the stream for suitable
spawning habitat when they first enter (Rich Jr et al. 2006) and thus, the initial tagging location
was excluded. Following death, carcasses often drifted downstream (in the case of senescence) or
were transported to the stream banks (in the case of predation by bears), and thus location of
carcass recovery was similarly excluded. Finally, any outlier observations that significantly
affected the mean were also removed. A statistic dfBeta (Belsley et al. 2005) was calculated for
each observation, where dfBeta is the difference between the i observation and the mean
excluding the i observation. dfBeta was scaled by the standard error calculated with the it"
observation omitted and dfBeta values greater than two were used to identify outliers (Belsley et
al. 2005). The value for dfBeta was iteratively recalculated until no outliers remained or until only
two observations remained, as dfBeta requires at least three observations. Each individual’s
estimated spawning location was calculated as the mean of remaining observed locations. To
maximize accuracy in spawning location estimation, individuals with only two remaining
observations greater than 100 meters apart were not assigned estimated spawning locations. To
maximize sample size, individuals with only one remaining daily location after removing the day
of tagging and death were assigned estimated spawning locations at the location of the single
observation. We explored the effects of screening criteria on sample size, as well as estimation

accuracy. The latter was measured as the coefficient of determination (R?) of a regression of
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estimated spawning locations of female and male parents (detailed in the supplemental materials;
Supplemental Figure 3.1).

To quantify pairwise temporal distance among individuals within cohorts, the difference
in return day between individuals was used. Return day was designated as the date each individual
was first recorded in the stream habitats. To account for potential annual variation in population
return timing, all return days were standardized to the Julian date that the first returning fish of the
season entered each creek, following similar approaches in salmonid studies (e.g., Poirier et al.
2012, Naish et al. 2013). The date that the first returning fish of the season entered each creek
varied by a maximum of five calendar days, and therefore standardization of return days was
assumed to have a negligible effect on further analyses. Standardized return days (hereafter, ‘return
days’) were used in all further analyses to estimate pairwise temporal distance in return timing
between individuals. Return days were assumed to be a reasonable proxy for spawn timing, as
Sockeye salmon are known to spawn within three days of entering stream habitats (Esteve 2005,
Lisi et al. 2013).

To concentrate on processes that affect structure within populations, immigrants from other
populations were removed from further analyses. These immigrants were identified by assigning
a natal and spawning population to pedigreed individuals from genetic population assignment
analyses and visual observations respectively, previously described in May et al. (in prep, Ch2).
Briefly, genetic population assignments were performed using the leave-one-out approach of
(Anderson et al. 2008) in rubias, using a 95% confidence threshold for individual assignments
(Moran and Anderson 2018). Individuals with different natal and spawning locations were

designated as immigrants and removed from all further analyses.
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3.3.3  Fine-Scale Spatial and Temporal Genetic Structure

Following preliminary analyses showing variation in relatedness throughout the streams
and spawning season (Supplemental Figures 3.2 and 3.3), we performed a series of genetic
autocorrelation analyses (Smouse and Peakall 1999). The autocorrelation coefficient (r) was
estimated using GENALEX (version 6.51b2; Peakall and Smouse 2006), where the value of r
ranges from -1 to 1. A positive (or negative) r indicates that individuals within a certain distance
class are more (or less) related than expected by chance alone (Peakall et al. 2003). A pedigree-
based relatedness matrix among all pairs of individuals within populations and years was used as
a measure of genetic distance. As relatedness values measure genetic similarity, as opposed to
genetic distance, all values output by GENALEX were multiplied by negative one to ensure that
results were comparable to similar studies using genetic autocorrelation analyses with other
genetic distance measures (e.g., Neville et al. 2006). To allow for comparative analyses in
population structure, creek populations were analyzed separately.

The following subsets of pedigreed individuals were used in autocorrelation analyses. First,
to avoid imprecise estimates of autocorrelation due to a small number of comparisons, only cohorts
with more than 100 pairwise comparisons were included. Second, environmental conditions
experienced by individuals from different age classes may vary, therefore, only four-year-old
individuals were included. Age has been previously reported (May et al; Ch2, in prep), and was
determined using a hierarchical approach: for individuals assigned at least one parent in the
pedigree, the difference between the return year of parent-offspring pairs was used (pedigree age).
When pedigree age was unavailable, otolith readings were used to determine age (Geffen 1992).
If no otoliths were sampled, length was used as a proxy for age (May et al.; Ch2, in prep). If no

size information was available, as in the case of bear-consumed carcasses, individuals were
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removed from further analysis. As most individuals in this system are four years old
(approximately 82%), removing five-year-olds likely did not substantially reduce power to infer
autocorrelation. Finally, individuals were included in spatial autocorrelation analyses if they were
assigned an estimated spawning location.

Autocorrelation analyses require binned distance classes. Spatial distance classes of 50
meters were used, following an assumption that Sockeye rarely move more than 50m away from
their redds and courted mates (McPhee and Quinn 1998, Rich Jr et al. 2006). In addition, habitat
availability changed during the years; marginal habitat near the headwaters of both streams was
only available in some years. Therefore, to standardize distance comparisons among Yyears,
individuals estimated to spawn within 300m and 400m of the mouths of A and C Creek,
respectively, were included. Individuals were separated into populations based on return year, and
a single autocorrelation coefficient was quantified for each distance category using the multi-
population model in GENALEX (Peakall and Smouse 2006).

Individuals were included in temporal autocorrelation analyses if they had a recorded
return day into the stream habitats. Pairwise temporal distance values were binned into temporal
distance classes of five days, following the assumption that individuals typically spawn within five
days following stream entry (Pess 2009, Lin et al. 2016).

Two recommended methods for testing significance of autocorrelation results (Peakall et
al. 2003) were used. Permutations were used to estimate the upper and lower 95% confidence
intervals about r = 0, which represented the null hypothesis of no structure. A total of 999 random
permutations were performed by randomly assigning individuals to distance classes.

Bootstrapping was also used to generate confidence limits (a = 0.05) about r estimates for each
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distance class; 999 bootstraps were used to randomly resample individuals within each distance

class. Values of r were considered significant if both of these criteria were met.

3.3.4  Fine-Scale Homing Behaviors in Space and Time

Following evidence of both spatial and temporal genetic structure within populations (results
section), the second objective of this study was to investigate the mechanisms producing structure.
Structure may result from individuals returning to the same place (‘natal location’) or at the same
time (‘fertilization day’) as they were fertilized as eggs. Structure may also result from a clustering
of relatives in space or time from kin-recognition or phenotypic habitat matching (Edelaar et al.
2008). We hypothesized that observed patterns of spatial structure might result from natal homing
behaviors if individual spawning and natal locations were positively correlated. We inferred natal
locations from the estimated spawning locations of pedigreed parents. Specifically, mother
spawning locations were used, as female Sockeye salmon are known to dig a single redd and
remain nearby until senescence, whereas males may mate with multiple females and move more
within spawning habitats (Rich Jr et al. 2006). Therefore, we expected higher precision in estimates
of mother spawning location.

Generalized linear mixed models (GLMMs) were used to determine whether natal location
was a significant predictor of spawning location. A full model with spawn location was a function
of fixed effects for natal location, return day, body shape, and sex was constructed with a Gaussian
error distribution.

(Model 3.1) spawn location ~ natal location + return day + return day? +
body shape + sex + body shape:sex + [YEAR]
The effect of body shape on spawn location was tested, following suggestion of a relationship

in preliminary analyses. Body shape was quantified as the ratio of body length to body depth
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(Quinn and Foote 1994). Body depth was measured at the deepest vertical point, and body length
was measured from mid-eye to hypural plate (in millimeters). An interaction term between body
shape and sex was included to account for known differences in the body shapes of males and
females. Return day was included as a quadratic term following evidence in previous studies that
return day may affect spawn location within stream habitats (Doctor and Quinn 2009, Lin 2012).
Return year was included as a random effect to account for interannual variation in spawning
locations. To examine possible differences in the processes influencing spawning location among
the two populations, previously shown differ in population density and predation intensity (May
etal. in prep, Ch2) and have habitat features (Pess 2009), the populations were modeled separately.
Natal location, return day, and body shape were scaled and standardized among all cohorts to a
mean of zero and standard deviation of one to improve model convergence.

‘Temporal homing’ was defined as the spawning of individuals (return day) near the same day
during the season when they were fertilized as eggs (fertilization day). Temporal autocorrelation
might be explained by a positive correlation between individual return days and fertilization days.
However, it was not possible to record individual fertilization day in the field. This parameter was
inferred from mother return day, since female Sockeye salmon generally only spawn once (Rich
Jretal. 2006). We assumed that return day served as an appropriate proxy for spawn day; the same
measure was used for all individuals, so we predicted no systematic bias.

A full model with a Gaussian error distribution was constructed, where return day was a
function of fixed effects for fertilization day, body shape, and sex.

(Model 3.2) return day ~ fertilization day + body shape + sex +
body shape:sex + [YEAR]

The model accounted for differences in return day due to body shape and sex with an

interaction term for these variables (Doctor and Quinn 2009, Lin et al. 2016). All models included
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a random effect of return year to account for interannual variation in return timing. To highlight
differences in the processes influencing return day among the two populations, the populations
were modeled separately. Fertilization day and body shape were scaled and standardized among
all cohorts to a mean of zero and standard deviation of one to improve model convergence.

To determine which explanatory variables affected the response variables of spawn
location and return day, a best-fit model for each GLMM was selected from simpler models that
omitted different fixed effects. Inference for this suite of models was performed using weighted
Akaike Information Criteria values, a measure of the proportion of the total predictive power
provided by the full set of models (WAIC; Symonds and Moussalli 2011). The effects of the

explanatory variables on the response variables were interpreted in the best fit models.

3.3.5  Fitness Consequences of Fine-Scale Spatial and Temporal Structure

The third objective was to determine whether homing and straying within populations
influenced individual fitness. We hypothesized that individuals spawning closer to when or where
they were born would have increased fitness compared to individuals who spawned further away.
To test this hypothesis, individual measures of ‘stray distance’ were quantified, defined as the
absolute geographic distance, in meters, between estimated natal and spawning locations. In
addition, individual measures of ‘temporal stray distance’ were quantified, defined as the absolute
temporal distance, in days, between estimated fertilization and return days. Fitness was quantified
using pedigree-based measures of individual lifetime reproductive success, defined as the total
number of returning adult offspring per adult individual (hereafter, “reproductive success”). To
facilitate comparative analyses, the fitness consequences of homing and straying were modeled

separately in the two creek populations. Generally, these models included individuals from the F1
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generation, only, as natal locations and reproductive success of individuals was only known for
this generation (Figure 3.1).

To determine the effect of spatial stray distance on fitness, a full GLM model was built
where reproductive success (zero and positive integer values) was assumed to follow a negative
binomial error distribution and was a function of stray distance, spawn location, body shape, and
Sex.

(Model 3.3) reproductive success ~ stray distance + spawn location +
stray distance: spawn location + body shape + sex + [YEAR]

To test for variation in reproductive success due to differences in body shape or spawn
location within the streams, these terms were included as fixed effects. To account for variation in
reproductive success due to known differences in fitness among males and females (May et al. in
prep, Ch2), we included a fixed effect of sex. Sampling year was treated as a random effect in this
model, following earlier results in May et al. (in prep, Ch2) where substantial interannual variation
in fitness was reported in these populations. To test for possible interactions among spawning
location and stray distance, we included an interaction term among these variables. Stray distance,
body shape, and spawn location were scaled and standardized among all cohorts to a mean of zero

and standard deviation of one to improve model convergence.

To determine the effects of temporal stray distance on fitness, a full model was developed
where reproductive success was a function of temporal stray distance, return day, body shape, and
Sex.

(Model 3.4) reproductive success ~ temporal stray distance + return day +
temporal stray distance: return day + body size + sex + [YEAR]

To test for variation in reproductive success due to differences in body shape or return day
during the spawning season, these terms were included as fixed effects. We also included a fixed
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effect of sex and a random effect of sampling year. To test for a possible interaction among return
day and temporal stray distance, we included an interaction term among these variables. Temporal
stray distance, return day, and body shape were scaled and standardized among all cohorts to a

mean of zero and a standard deviation of one to improve model convergence.

As above, inference for these models was performed using model selection through wAIC
on a suite of simpler models, and the effects of the explanatory variables on reproductive success

were interpreted in the best fit models.

3.4 RESULTS

3.4.1  Spatial, Temporal, and Relatedness Parameters

We have previously reported the results of the pedigree reconstruction of Sockeye salmon
in the A and C Creek system (May et al. in prep, Ch2). Briefly, the pedigree comprised 4,243
spawners in A Creek, 5,012 spawners in C Creek, and 582 individuals observed on the beach
habitat (total 9,838). Of 7,146 fish in the F1-F2 generations, both parents were assigned to 5,031
individuals (70.4%), and a further 1,494 individuals were assigned one parent (20.8%); therefore,
at least one parent was assigned to 6,525 individuals (91.2%). Number of returning adult offspring
per adult individual (i.e., reproductive success) ranged from 0 to 33 (mean=1.78, 62 = 12.53), and
no offspring were assigned to 68.8% of female and 57.7% of male parents in the FO and F1.

Genetic population assignment analyses with 95% confidence thresholds (natal population)
and visual observations (spawning population), resulted in both natal and spawning populations
assigned to 8,117 fish (full results reported in May et al. in prep). Of these, 732 immigrants were
excluded from this study. Thus, 7,385 fish were identified as residents (i.e., philopatric),

comprising 3,634 and 3,751 fish spawning in A and C Creek, respectively. We further removed
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1,005 individuals sampled in 2017 due to incomplete sampling in that year, although these fish
were used as offspring to estimate individual reproductive success values for their assigned
parents. The final dataset comprised 3,207 and 3,173 spawners in A and C Creeks, respectively
(total 6,308).

The number of individuals included in the spatial autocorrelation analyses depended on
identification of spawn location for each individual, while the analyses on spatial homing
depended on both natal and spawn location. Spawn location was estimated for 2,309 and 2,748
fish in A and C Creeks, respectively (in meters from creek mouth; A: p=165.0, sd =80.3; C: p=
244.0, sd = 104.0; Figure 3.2). Natal locations were estimated for 1,514 and 2,200 fish in A and
C, respectively (in meters from creek mouth; A: p = 162.0, sd = 83.0; C: p = 296.0, sd = 77.7).
Stray distance was estimated for 1,010 and 1,864 individuals that were attributed both natal and
spawning locations in A and C Creek, respectively (in meters from natal location; A: p=92.3, sd
=68.3; C: 1 =99.0,sd =80.1).

Similarly, the number of individuals included in the temporal autocorrelation analyses
depended on identification of return day for each individual, while the analyses on temporal
homing depended on both return day and fertilization day estimates. Return day was estimated for
all individuals (in days from standardized first day of season; A: p=9.42, sd = 6.05; C: p=7.54,
sd = 5.59; Figure 3.2). Fertilization day was estimated for 1,629 and 2,297 individuals in A and C
Creek, respectively (in days from standardized first day of season; A: p=10.4,sd =5.92; C: p=
8.0, sd = 5.68), Temporal stray distance was estimated for all individuals that were attributed
fertilization days (days between fertilization and spawn days; A: p=5.50, sd = 4.46; C: p=5.84,

sd = 4.96).

104



When all cohorts from all generations were combined into a single two-dimensional
density plot, higher numbers of individuals were observed in the first half of the spawning season
and in the upper regions of both creeks (Figure 3.2, sections A-B). However, inter-annual variation

was observed in both space and time (Figure 3.2, sections C-D).

3.4.2  Fine-Scale Spatial and Temporal Genetic Structure

Significant spatial autocorrelation values were identified across both creeks, suggesting that
individuals returning to the same creek sections were more related than expected by chance alone,
and individuals returning far apart from one another were less related than expected by chance
alone. Spatial autocorrelation analyses included 1,801 four-year-old individuals from A Creek and
2,117 from C Creek (total 3,918), after cohorts with less than 100 pairwise comparisons were
removed (2011, 2014, 2015 in A Creek; 2014 in C Creek). Spatial autocorrelation analyses (Figure
3.3) showed small but significant positive r values for the pairwise distance categories between
zero and 50 meters in both creeks, and between 50 and 100 meters in C Creek (A roso = 0.03+0.02;
C ro-s0 = 0.05+0.04, rso-100 = 0.022+£0.020). In both creeks, all other significant r values were
negative across distance classes (Figure 3.3). Positive r values in the 0-50m distance class were
larger in C Creek by a factor of 1.7, indicating stronger spatial structure.

The results of the temporal autocorrelation analyses indicated that individuals returning to the
creeks within five days were more related to each other, and individuals returning at greater times
apart were less related to each other than expected by chance alone. Temporal autocorrelation
analyses included 2,583 and 2,422 four-year-old individuals from A and C Creek, respectively,
after excluding the 2014 and 2015 cohorts from A Creek and the 2014 cohort from C Creek due
to less than 100 pairwise comparisons. Individuals returning between zero and five days from each

other had significant and positive r values; values for this distance category were greater in A
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Creek by a factor of 3.2 (A ro-s = 0.16+0.02; C ros = 0.05£0.01). All other distance classes had
significant and negative r values. Negative autocorrelation values were greater in magnitude in A
Creek than in C Creek in the 25-30 day pairwise distance category by a factor of 2.3 (A ras.30 = -
0.76+0.08; C r2s.30 =-0.33£0.10). In addition, temporally distant individuals in A Creek were less
related than those in C Creek. Overall, these results indicated strong within-population temporal

structure in both populations.

3.4.3  Fine-Scale Homing Behaviors in Space and Time

Investigation of the drivers of spawning location within the streams indicated that observed
spatial structure was likely driven by natal homing behaviors within continuous breeding habitats,
within C Creek, but this result was not supported in A Creek (Figure 3.4). The best fit model for
C Creek included natal location, in addition to parameters for body shape and sex (AIC = 17581.32,
WAIC = 0.17, Pnatal location = 19.83, Pshape = 4.51, Psex males = 17.9, Supplemental Table 3.1). In
contrast, the best fit model for A Creek did not include natal location but did include a linear effect
of return day on spawning location (AIC = 9750.70, WAIC = 0.23, Bretum day = -10.44, Supplemental
Table 3.1). The model for C Creek showed that large individuals of both sexes, in addition to a
higher proportion of males than females, spawned in the upper reaches of C Creek (Figure 3.4). In
addition, individuals returning earlier in the season spawned closer to the mouth of the stream in
A Creek (Figure 3.4). These results indicated that individuals were spatially segregated by
phenotypes of body shape and sex in C Creek and by return timing in A Creek.

Investigation of the drivers of spawn timing strongly indicated that observed patterns of
temporal genetic structure resulted from individuals returning at the same time during the
spawning season as they were fertilized as eggs (Figure 3.5). The effects of temporal homing on

within-population temporal genetic structure were investigated by examining the relationship
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between fertilization day of individuals as eggs and return day of returning adults. The best fit
models for both creeks contained an effect of fertilization day and sex (A Creek: PBtertilization day =
3.20, Bsex males = -2.38; C Creek: Pertilization day = 2.26, Psex males = -4.13, Supplemental Table 3.2).
These model results also indicated that males returned earlier in the season than females in both

creeks (Figure 3.5).

3.4.4  Fitness Consequences of Fine-Scale Spatial and Temporal Structure

Examination of the fitness effects of spatial homing indicated that individuals returning closer
to their natal location had increased fitness in C Creek, but this result was not supported in A Creek
(Figure 3.6). Yet also, individuals spawning in the lower reaches of A Creek and in the upper
reaches of C Creek had increased fitness (Supplemental Figure 3.4). The best fit model for C Creek
included stray distance, as well as the parameters spawn location, sex, and an interaction term
between stray distance and spawn location (AIC = 3517.20, WAIC =0.44, Bstray distance = =0.11, Bspawn
location = 0.56, Bsex mates = 0.47, Pstray distance:spawn location = -0.11, Supplemental Table 3.3). In contrast,
the best fit model for A Creek did not include stray distance but did include the parameters spawn
location, body shape, and sex (AIC = 2118.32, WAIC = 0.19, Bspawn location = -0.19, Bbody shape = -
0.58, Bsex mates = 0.37, Supplemental Table 3.3). The interaction term between stray distance and
spawn location in the model for C creek indicated that fish born in the upper reaches but returning
to the lower reaches of the stream had decreased fithess compared to individuals who were born
in and returned to the lower reaches (Supplemental Figure 3.5). In contrast, individuals who were
born in and returned to the upper reaches of C Creek had greater fitness than individuals who were
born in the lower reaches but spawned in the upper reaches. The two models also showed that

males had higher fitness than females in both streams (Figure 3.6). Finally, individuals with a
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lower body length to depth ratio had increased fitness in A Creek, but there was no effect of body
shape on fitness in C Creek (Figure 3.6).

Investigation of the effects of temporal structure on fitness indicated that temporal stray
distance (the absolute difference between estimated fertilization day and return day) had no effect
on fitness (Figure 3.7). The best fit models for both creeks did not include the parameter for
temporal stray distance. The model for A Creek included the parameters for return day, body shape,
and sex (AIC = 2708.84, WAIC = 0.34, Bretumn day = -0.26, Bbody shape = -0.39, Psex males = 0.44,
Supplemental Table 3.4), while the only well-supported parameter in C Creek was sex (AIC =
4080.47, WAIC = 0.32, Bsex males = 0.42, Supplemental Table 3.4). Model results indicated that
individuals returning earlier in the season had greater reproductive success in A Creek compared

to individuals returning later (Figure 3.7).

3.5 DISCUSSION

This study examined the scale, drivers, and fitness consequences of spatial and temporal
structure within two stream spawning populations of Sockeye salmon (A and C Creeks in Bristol
Bay, Alaska) over 14 years. We found evidence of both spatial and temporal genetic structure
within both streams; individuals returning within 50 meters and within five days of one another
were more related than expected by chance. This spatial and temporal structure within populations
could be partly explained by fine-scale homing both spatially and temporally. In one of the two
creeks, individuals returning to spawn at natal sites within the streams had greater reproductive
success. Spawning habitat also influenced fitness, as reproductive success was correlated with
spawning location within the streams. Despite observations of strong temporal homing, we did not

find evidence of a fitness effect associated with fine-scale temporal homing in either creek.
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The results of this study provide empirical evidence demonstrating how natal homing,
reproductive timing, and habitat characteristics can generate population structure and generate
fitness variation on very small spatial and temporal scales. This empirical evidence may have
implications for our understanding of gene flow and adaptive processes within philopatric
populations: natal homing may result in assortative mating systems which can limit gene flow and
promote microgeographic adaptation. While eco-evolutionary models currently used in
management assume random mating within populations, we show how processes influencing non-

random mating may be important for fitness and adaptation.

3.5.1  Fine-Scale Spatial and Temporal Genetic Structure

Sockeye salmon were more likely to spawn near relatives in both space and time than expected
in a randomly mixed population. This finding demonstrated how aggregative breeding populations
may exhibit genetic structuring, even when occupying small, continuous habitats that are often
assumed to be randomly mixed. While many studies of salmonids have examined genetic structure
among populations (e.g., Beacham et al. 2006, Lin et al. 2008, Larson et al. 2014), few have
examined it within populations. The few studies that have demonstrated genetic structure within
salmonid populations have done so on the scale of tens to hundreds of kilometers (Bentzen et al.
2001, Neville et al. 2006, Kitanishi et al. 2009, Stelkens et al. 2012). To our knowledge, our
findings represent the finest-scale example of within-population genetic structuring in any
salmonid species.

We observed differences in the magnitude of structure among the two creek populations.
Spatial structure was greater in C Creek, but temporal structure was greater in A Creek. Differences
in the magnitude of spatial structure may be explained by the more heterogenous habitat in C

Creek, such as undercut banks and deep pools, particularly between 200 and 400 meters from the
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stream mouth (Pess 2009). Such heterogenous habitat may result in more precise imprinting in
juveniles rearing in C Creek and could result in more accurate olfaction to natal sites in returning
adults (Dittman and Quinn 1996, Stewart et al. 2003, Rich Jr et al. 2006). Spatial or temporal
differences in structure among streams may also be due to the more chaotic population dynamics
and homogenous habitat in A Creek, which are thought to facilitate the evolution of dispersive
behaviors (Holt and McPeek 1996, Hendry et al. 2004). For example, competition (due to greater
population density) and predation (due to a greater proportion of individuals killed by bears) is
greater in A Creek than in C Creek (May et al. in prep, Ch2). Thus, if structure is important for
fitness or population resilience, it may be more easily maintained spatially in the heterogeneous

habitat of C Creek but temporally in the homogenous and chaotic habitat of A Creek.

3.5.2  Natal Homing Drives Population Structure; Possible Evidence for Assortative Mating

While other studies have demonstrated within-population homing in anadromous salmonids
on the scale of kilometers (i.e., in rivers or lakes; Stewart et al. 2003, Barnett et al. 2018), this
study is one of the first to demonstrate that Sockeye salmon can home within meters of their natal
sites of incubation (Quinn et al. 2006) and within days of when they were fertilized as eggs. Thus,
we concluded that natal homing behaviors contributed significantly to structure in both space and
time, in addition to other likely drivers such as habitat features and social dynamics (Rich Jr et al.
2006, Camacho and Hendry 2020). These results confirm previous findings which suggested that
natal homing behaviors may drive within-population genetic structuring in small Sockeye salmon
stream habitats (Quinn et al. 2006, Barnett et al. 2019). Our finding that Sockeye salmon homed
to their natal site on the scale of meters also supports a long-held hypothesis that Sockeye salmon

may home the most accurately of all salmonid species (Keefer and Caudill 2014).
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We present possible evidence for an assortative mating system (Jiang et al. 2013) within small,
continuous stream habitats. Patterns of fine-scale structure and natal homing in both space and
time may increase the likelihood of mating between relatives or individuals who share phenotypes
(Jiang et al. 2013). One expected outcome of assortative mating systems is a segregation of
phenotypes in time or space (Jiang et al. 2013, Richardson et al. 2014). Indeed, phenotypes were
segregated in the creeks; larger individuals and a higher proportion of males spawned in the upper
reaches of C Creek, and earlier returning individuals spawned closer to the mouth of A Creek. Our
results corroborate findings from previous studies showing that phenotypes (i.e., body size, return
timing) may be segregated in Sockeye salmon stream spawning populations (Doctor and Quinn
2009, Camacho and Hendry 2020). In addition, the number of days individuals survive once
entering these streams has been shown to range from approximately three to ten days (Lin et al.
2016), and Sockeye salmon are known to reproduce within just three days of entering stream
habitats (Esteve 2005, Lisi et al. 2013). The short reproductive lifespan of Sockeye salmon in the
streams lends additional support to our hypothesis that these small populations exhibit an
assortative mating system. This assortative mating of clustered groups of phenotypes could lead
to microgeographic adaptation if fitness is increased for individuals who reproduce in their natal

habitat patches (Richardson et al. 2014).

3.5.3  Fitness Effects of Fine-Scale Spatial and Temporal Structure

We demonstrate, for the first time in a vertebrate species, a fitness benefit associated with natal
homing within a continuous breeding population. This finding in C Creek was consistent with the
expected outcomes of microgeographic adaptation: individuals should have increased fitness if, in
the context of a continuous and variable landscape, they reproduce in habitat patches to which they

are adapted (Richardson et al. 2014). Yet, the fitness benefits of homing were also compounded
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by fitness variation along the length of the stream, which may indicate variation in intrinsic habitat
qualities (Johnson 2007, Richardson et al. 2014, Bieri et al. 2018). Individuals spawning in the
upper reaches of the stream had increased fitness compared to the lower reaches, indicating better
quality habitat in the upper reaches. Indeed, the upper sections on C Creek comprise more woody
debris, undercut banks, and deep pools than the lower half, which is dominated by shallow,
uniform habitat with little refuge (Pess 2009). A major challenge for studies investigating the
drivers of fitness variation has been to separate the fitness effects of local adaptation and habitat
variation (Kawecki and Ebert 2004, Snowberg and Bolnick 2012, Savolainen et al. 2013,
Richardson et al. 2014). Our results empirically demonstrate that both microgeographic adaptation
and habitat variation can contribute to fitness on very small spatial scales.

An alternative explanation for the result that fitness varied throughout the stream may be that
larger bodied individuals were more competitive and therefore outcompeted smaller individuals
for higher quality sites in the upper reaches of C creek (Foote 1990, Quinn and Foote 1994). It is
also possible that individuals may have chosen habitats that best match their phenotypes (Camacho
and Hendry 2020). Still, if competition or habitat choice were the only factors driving population
structure and fitness, we would not have found an effect of stray distance on reproductive success.
Therefore, we find it likely that a combination of differences in competitive ability, habitat
characteristics, and microgeographic adaptation contributed to fitness outcomes in C Creek.

We found no evidence supporting a pattern of adaptation-by-time in these populations (Hendry
and Day 2005, Doctor and Quinn 2009); individuals returning closer in time to when they were
fertilized as eggs had no difference in reproductive success relative to individuals who returned
farther away in time. Observed patterns of fine-scale temporal structure may have resulted from

strong stabilizing selection on return timing, shown in some studies to occur due to local optima
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for egg incubation temperatures, fry emergence timing, and available spawning habitat (Einum
and Fleming 2000, Anderson et al. 2010, Crozier et al. 2019). In other words, as long as individuals
arrived during the spawning season, they may have had offspring, while individuals who return
outside of that reproductive period produced no offspring. High heritability values have also been
attributed to phenological traits in salmonids, including return timing (Hendry and Day 2005,
Carlson and Seamons 2008). In fact, recent studies have identified specific loci or genetic
architecture that explain significant variation in phenological life-history traits (Barson et al. 2015,
Hess et al. 2016, Prince et al. 2017, Pearse et al. 2019, Thompson et al. 2019). Broadly, it appears
that observed patterns of temporal structure were a byproduct of strong stabilizing selection for
return timing. Thus, local spatial, demographic, and ecological processes likely played a larger
role in fitness outcomes than temporal homing within a given spawning season (May et al. in prep,

Ch2).

3.5.4  Assumptions and Limitations

This study made several assumptions that may have influenced interpretations. First, we
assumed that spawning locations, estimated from individual daily position observations, were
representative of true locations of redds. The estimated spawning locations of parent pairs were
highly correlated, suggesting that estimated spawning locations were a reasonable approximation
of true redd locations. It is likely that the estimated spawning locations of females were more
precise than males, because males traverse greater distances on spawning grounds (Rich Jr et al.
2006). Thus, the homing-based analyses used mother location as a proxy for natal locations. This
approach in turn reduced the sample size; a higher sample size may have improved power of the
study. Second, we assumed that individual return day represented spawn timing, based on the

finding that Sockeye salmon spawn within several days of entering stream habitats (Esteve 2005,
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Lisi et al. 2013). Because the same return day measure was used for all individuals, we expected
no systemic bias. Third, we used pedigree-based relatedness values for spatial autocorrelation
while other authors used genetic distance and thus coalescence of an extended time. Yet pedigree-
based relatedness values provided better estimates for assortative mating for the aims of this study.
Finally, we excluded immigrants, even though they constituted 20-30% of all fish in some years
(May et al. in prep, Ch2). Immigrants were removed from all analyses, because these individuals
had disproportionately large stray distances and would have confounded detections of within-
population structure. However, it is likely that immigrants reduced the magnitude of structure and
assortative mating than reported here. Furthermore, immigrants may have reduced the risk of

inbreeding or kin-competition, which was not examined here.

355 Conclusions and Future Directions

This study is one of the first to empirically demonstrate how natal homing behaviors might
lead to assortative mating systems within local population subunits. Consistent with the expected
outcomes of microgeographic local adaptation, we also demonstrate how this population structure
can lead to a segregation of phenotypes and fitness variation within populations (Richardson et al.
2014). Local adaptation is typically considered a population-level process, but here we show how
it may occur on finer spatial scales than previously thought. As a result, we conclude that these
populations may harbor increased genetic diversity compared to a randomly mixed population
(i.e., panmixia). Yet further study is needed to examine whether assortative mating systems
increase genetic diversity in wild populations, particularly when population sizes are small and
genetic drift may play a larger role in genetic diversity (Adkison 1995, Consuegra et al. 2005). If
assortative mating does result in increased diversity, then we posit that it may contribute to a fine-

scale portfolio effect (Schindler et al. 2010), buffering discrete populations against perturbations
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in any one population segment more than expected in a panmictic population. As a result, selective
harvest by predators or fisheries may also reduce genetic diversity more than expected in a
panmictic population. For example, brown bears are known to kill a high proportion of fish in
these streams on a given day (May et al. in prep, Ch2). Given our findings of fine-scale temporal
structure, these predation events may selectively remove family groups or ‘genetic neighborhoods’
from the population gene pool (Richardson et al. 2014). Likewise, commercial salmon fisheries
operating on openings and closures might reduce genetic diversity more than expected by chance
if relatives collectively migrate upriver (Berdahl et al. 2016). However, current models used in
management to predict effects of anthropogenic perturbations often assume random mating within
populations (e.g., Araki et al. 2008, Reed et al. 2011, Willoughby and Christie 2019). Here we
demonstrate how processes that influence non-random mating may more accurately represent wild

population dynamics.
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3.6 FIGURES
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Figure 3.1. A schematic of a two-generation pedigree (FO to F2) of two adjacent wild

Sockeye salmon populations (A and C Creeks). This pedigree spans 14 years, from 2004 through

2017 (redrawn from May et al. in prep, Ch2). Arrows trace cohorts from brood year to return
year for four-year-old individuals (81.7% of individuals, 2004 through 2016); therefore, the 2017
return year is not shown, as five-year-olds were sampled in that year, only.
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Figure 3.2. Distributions of standardized return days and estimated spawning locations (see
text for details) for three generations of Sockeye salmon in two proximate populations (A —
purple, C — blue). Panels A-B are kernel density plots using data from all cohorts, combined,
which include only individuals attributed values for both estimated return day and spawning
location. Contours show density kernels (ggplot2; Hadley 2016), which sum to a value of one.
Mean values are given for spawning location (y-axis) and return day (x-axis, dashed lines).
Sections C-D are histograms of number of fish returning by return year and include all

individuals in the final dataset used in this study (see text for details).
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Figure 3.3. Results of spatial (left) and temporal (right) autocorrelation analyses on two
adjacent populations of wild Sockeye salmon (A Creek — purple, C Creek — blue). The
autocorrelation coefficient (r, y-axis) is given for each distance class (x-axis) in river meters
(spatial, left) and standardized return days (temporal, right). Return years were aggregated using
the multi-population model in GENALEX (Peakall and Smouse 2006). Shaded regions bound
the 95% confidence intervals about r = 0, which represents the null hypothesis of no spatial or
temporal structure, obtained through permutations. Additionally, error bars indicate 95%
confidence limits for each bootstrapped r-value. Significant points (red) indicate r-values for
which the bootstrapped error bars do not include zero and which fall outside the shaded
confidence intervals (Smouse and Peakall 1999).
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Figure 3.4. Left) Relationship between estimated natal locations (x-axis) and spawning
locations (y-axis) in two adjacent Sockeye salmon populations (A — purple, C — blue). Empirical
estimates of locations (see text for detail) are given as either individual values (small points) or

mean spawning locations (red), binned in 50m x-axis intervals of natal locations among all return
years and bounded by bootstrapped 95% confidence intervals. Solid lines show the fitted values
of the best-fit mixed effects model (Model 3.1 in text). Right) Model coefficients (x-axis) for the
effects of fixed effects (covariates, y-axis) on spawning location (response variable) in best-fit
models (Model 3.1 in text; A — purple, C — blue). Point estimates are bounded by model-

estimated standard error bars.
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Figure 3.5. Left) Relationship between estimated fertilization day (x-axis) and return day (y-
axis) in two adjacent Sockeye salmon populations (A — purple, C — blue). Empirical estimates of
return day and fertilization day are given as either individual values (small points) or mean y-
axis values (red), binned in five-day x-axis intervals among all return years and bounded by
bootstrapped 95% confidence intervals. Solid lines give the fitted values of the best-fit mixed
effects models examining the relationship between these parameters (Model 3.2 in text). Right)
Model coefficients (x-axis) for the effects of fixed effects (covariates, y-axis) on return day
(response variable) in the best-fit models (Model 3.2 in text; A — purple, C — blue). Point

estimates are bounded by model-estimated standard error bars.
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Figure 3.6. Left) Relationship between reproductive success (fitness) and stray distance
across two spawning populations of Sockeye salmon (A Creek — purple, C Creek — blue). Stray
distance was estimated as the absolute distance between estimated natal and spawning locations
for each individual (x-axis). The lifetime reproductive success, measured as number of returning
adult offspring was derived from the pedigree (y-axis, square-root scale). Empirical estimates of
reproductive success (points) are given as either individual values (small points) or mean values

(red), binned in 50m intervals among all return years and bounded by bootstrapped 95%
confidence intervals. Solid lines give the fitted response values of the best-fit mixed effects
models (Model 3.3 in text). Right) Model coefficients (x-axis) for the effects of fixed effects

(covariates, y-axis) on reproductive success (response variable) in the best-fit models (Model 3.2
in text; A — purple, C — blue). Point estimates are bounded by model-estimated standard error

bars. Additional effects are shown in the supplemental materials (Supplemental Figure 3.4).
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Figure 3.7. Left) Relationship between reproductive success and temporal stray distance
across two spawning populations of Sockeye salmon (A Creek — purple, C Creek — blue).
Temporal stray distance was estimated as the absolute distance (in days) between estimated
individual day of fertilization and return day (x-axis). Empirical estimates of reproductive
success (points) are given as either individual values (small points) or mean values (red), binned
in five-day intervals among all return years and bounded by bootstrapped 95% confidence
intervals. The best-fit mixed effects model exploring this relationship did not include temporal
stray distance (Model 3.4 in text). Right) Model coefficients (x-axis) for the effects of fixed
effects (covariates, y-axis) on reproductive success (response variable) in the best-fit models
(Model 3.2 in text; A — purple, C — blue). Point estimates are bounded by model-estimated
standard error bars. Additional effects are shown in the supplemental materials (Supplemental
Figure 3.6).
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3.7 SUPPLEMENTAL MATERIALS
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Supplemental Figure 3.1. Relationship between estimated spawning location (meters) for
mothers (y-axes) and fathers (x-axes) for 16 methods of estimating spawning location from daily
location observations using dfBeta values to remove outliers and quantify mean location (use of

dfBeta detailed in text). Here we used all genotyped individuals with known pedigree-based
parent-offspring relationships (2004-2017, May et al. in prep, Ch2). We excluded individuals
observed only on the beaches or at the creek mouths. Regression lines of best fit (black)
conformed closely to 1:1 lines (red), indicating a high likelihood that individuals were assigned
to correct spawning locations using all methods. R? values provided additional information about
the model fit and ranged from 0.73-0.77. Plot titles indicate 1) which observations were included
(tag date, death date, and all other observations: recaptures); 2) if only two observations
remained, they were included only if the two observations were less than either 50 or 100 meters
apart; and 3) if only one observation remained, it was either retained (kept) or removed (tossed).
Methods were qualitatively compared to optimize for the largest possible dataset and smallest

possible R? value, while removing individuals with very few or inaccurate observations. For

123



example, the first observation of the locations where carcasses were recovered may not
accurately reflect spawning location within these short streams. We ultimately proceeded with
method 16, in which we excluded observations taken on the first day of sampling or where the
fish was found dead. If only two observations remained, we estimated a spawning location only
if they were <100m apart, under the assumption that greater distances would not provide
accurate estimates of spawning location. Finally, we retained singleton observations, under the
assumption that, in most cases, this was 1 of 3 total observations (tag location, recapture
location, and carcass location), and was likely the best indicator of the three of spawning
location. This method provided confident assignments for 4,526 parent-pairs, 861 dam-offspring
pairs, and 950 sire-offspring pairs (no dam). We ultimately used only dam-offspring pairs to
estimate individual natal locations (total 5,387), under the assumption that daily observations of
females were closer to true redd locations and therefore were better predictors of individual natal

location.

124



—# ACresk % C Creek

wn ACreek C Creek
o
= 0.03
&
L] A
Cooi{eenes?
L1
% 0.00+ . . . . .

,\f\.ﬁ\ ﬁﬁq\ m{vg\ ,\{vg\ QQ’\ i.ﬁ\

b ” {7 = f o

Pairwise Spatial Distance (m)
- A Cregk C Creek
§ 0.020 1 [ . .
O 0.015- . %
3 00101 * +
o * »
5 0.005 1 LA
o &
= N 8 N N
iy Oy fz Oy
@_\. {:}' @ {:]’
N o

F‘air'.ﬂ.ri.se Temporal Distance (days)

Supplemental Figure 3.2 Preliminary analysis examining the relationship between pairwise
geographic distance (x-axis, top) or pairwise temporal distance (x-axis, bottom) and mean
pairwise relatedness (y-axis) for two proximate populations of wild Sockeye salmon (A Creek —
purple, C Creek — blue). These analyses are similar to autocorrelation analyses used in the main
text (Figure 3.3); however, mean relatedness was used here instead of the autocorrelation
coefficient, r. Mean relatedness was estimated from pedigree-based pairwise relatedness values
of all individuals within cohorts and populations for each distance category in 50m increments
(spatial, top) and temporal distance classes in five-day increments (temporal, bottom). Error bars
indicate 95% confidence limits about mean relatedness values. As in autocorrelation analyses in
the text (Figure 3.3), to eliminate the effects of different ecological conditions experienced by
individuals in different brood years, only four-year-olds were included in these analyses. In
addition, to examine the two populations separately, immigrants were removed from these
analyses. Spatial analyses (top) indicated a slight negative relationship between pairwise distance
class and mean relatedness among individuals in C Creek, but no evident trend in A Creek. This

result was similar to the spatial autocorrelation results reported in the main text; however, by
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using spatial autocorrelation analyses, significant genetic structure was detected in A Creek. This
preliminary analysis also highlighted the small number of comparisons in the greatest distance
classes between individuals spawning in the marginal habitat at the very top of the creeks (only
available in some years) and the very bottom of the creeks (near the mouth). Based on this
finding, these distance classes were excluded from spatial autocorrelation analyses. Temporal
analyses (bottom) indicated a strong negative relationship between relatedness and pairwise
temporal distance in both populations. In addition, mean relatedness appears to be greater overall
in C Creek. This result is surprising given the increased proportion of immigrants in C Creek
relative to A Creek (May et al. in prep, Ch2). Ultimately, we chose to use autocorrelation
analyses to investigate structure, as these analyses allow for the detection of structure within
specific distance classes. Autocorrelation analyses are more sensitive to detect fine-scale
structure than Mantel tests (Mantel 1967), which typically detect genetic structure only if a
strong signal is present in the entire dataset (Peakall et al. 1995, Peakall et al. 2003). Similarly,
the autocorrelation methods of Peakall and Smouse (2006) — which use all available pairwise
comparisons of individuals — are more sensitive to detecting autocorrelation under restricted gene
flow than Moran’s I (Cliff and Ord 1981), which compares allele frequencies between groups of
genotypes (Epperson 1995, Smouse and Peakall 1999). Lastly, the methods of Peakall and
Smouse (2006) also allow for an overall estimate of r to be calculated for each distance class,
across multiple populations — substantially increasing power to detect autocorrelation by
increasing the total number of comparisons (Peakall et al. 2003).
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Supplemental Figure 3.3. Preliminary analysis examining the relationship between estimated
spawning location (x-axis, top) or return day (x-axis, bottom) and average pairwise relatedness
(y-axis) for two proximate populations of wild Sockeye salmon (A Creek — purple, C Creek —
blue). Mean relatedness was estimated from pedigree-based pairwise relatedness values of all
individuals within cohorts and populations for each distance bin (x axis) in 50m increments
(spatial, top) and standardized return days (temporal, bottom). Error bars indicate 95%
confidence limits for relatedness values. As in autocorrelation analyses in the text (Figure 3.3), to
eliminate the effects of different ecological conditions experienced by individuals in different
brood years, only four-year-olds were included in these analyses. In addition, to examine the two
populations separately, immigrants were removed from these analyses. Spatial analyses (top)
indicate a positive relationship between distance from the mouth of the stream and relatedness

among individuals, although confidence in this result decreases at the extreme distance bins at
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the top and bottom of both creeks. Temporal analyses (bottom) indicate a possible quadratic
relationship between relatedness and return day in A Creek, although no trend is evident in C
Creek. This quadratic relationship in A Creek supports the hypothesis that individuals attempt to
return during the local optima for return day, as it appears temporal structure is weakest during

the middle of the season (presumed ecological optimum).
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Supplemental Figure 3.4. Fitness effects of spawning location across two spawning
populations of Sockeye salmon (A Creek — purple, C Creek — blue). Spawning locations were
estimated from individual daily position observations (x-axis, see text for detail). Fitness was

measured as the lifetime reproductive success of individuals, derived from the pedigree (y-axis,
square-root scale). Empirical estimates of reproductive success (points) are given as either
individual values (small points) or mean values, binned in 50m intervals among all return years
and bounded by bootstrapped 95% confidence intervals (red). Solid lines give the fitted values of
the best-fit mixed effects models (Model 3.3 in text).
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Supplemental Figure 3.5. Preliminary analysis of mean reproductive success (y-axis) for
individuals born in the lower (red) and upper (blue) half of C Creek. Points give the spawning
location (x-axis) for adults returning to either the lower or upper half of the creek. Points are
bounded by 95% confidence intervals about the mean reproductive success. This analysis was
used to interpret the interaction term between spawning location and stray distance in Model 3.3
in the text. These results indicate that individuals who spawn in the upper regions of C Creek
have greater fitness than those in the lower half of the creek. However, of the individuals
spawning in the upper regions of the stream, those who were born there have increased fitness
compared to immigrants. Similarly, individuals born in the lower half of the stream have greater
fitness compared to immigrants. These results are consistent with the expected outcomes of local

adaptation (Kawecki and Ebert 2004), but on a microgeographic scale (Richardson et al. 2014).
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Supplemental Figure 3.6. Fitness effects of return day across two spawning populations of
Sockeye salmon (A Creek — purple, C Creek — blue). Return day was estimated as the day each
individual was first observed in the stream, standardized to the Julian date the first individual
was observed in each stream, each year (x-axis). Fitness was measured as the lifetime
reproductive success of individuals, derived from the pedigree (y-axis, square-root scale).
Empirical estimates of reproductive success (points) are given as either individual values (small
points) or mean values, binned in five-day intervals among all return years and bounded by
bootstrapped 95% confidence intervals (red). Solid lines give the fitted values of the best-fit

mixed effects models (Model 3.4 in text).
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Supplemental Table 3.1. Results of stepwise generalized linear mixed-effect model selection

procedures to explain estimated offspring spawn location (river meter; Model 3.1 in text). Fixed

effects included natal location (meters from stream mouth), a quadratic effect of return day

(standardized Julian day), body size (length/depth), sex (male or female), or null (1). Separate

models were constructed for each spawning population (A Creek or C Creek). Models were

evaluated with the Akaike Information Criterion (AIC). All models were compared to the best-fit

model by comparing AIC values (AAIC). The weighted AIC score (WAIC) is the proportion of

the total predictive power provided by the full set of models. Log-likelihood (LL) accounts for

the number of model parameters (K). The null model refers to an intercept-only model with no

covariates.
Creek Fixed Effects K LL AIC AAIC wAIC
A return day 4 -4871.35 9750.70 0.00 0.23
A natal location + return day 5 -4871.04 9752.09 1.39 0.12
A return day + shape 5 -4871.08 9752.17 1.47 0.11
A return day + sex 5 -4871.34 9752.67 1.98 0.09
A return day + return day? 5 -4871.34 9752.69 1.99 0.09
A natal location + return day + shape 6 -4870.77 9753.54 2.84 0.06
A return day + shape + sex 6 -4870.90 9753.80 3.10 0.05
A natal location + return day + sex 6 -4871.03 9754.06 3.37 0.04
ion + +
A 2:?2' location + retum day *1elUM ¢ 4g7104 975407 337 0.04
A return day + return day? + shape 6 -4871.08 9754.16 3.46 0.04
A return day + return day? + sex 6 -4871.33 9754.66 3.96 0.03
ion + +
A natazl location + return day + return 2 487076 9755.52 4.83 0.02
day~ + shape
A return day + return day? + shape + sex 7 -4870.90 9755.79 5.10 0.02
A return day + shape + sex + shape:sex 7 -4870.90 9755.80 5.10 0.02
I 1 ion + +
p  heallocationrewmday rEWM o 4e7102 975604 535 0.2
day~ + sex
A natal location + return day + shape + 8 487058 975715 6.46 0.01
sex + shape:sex
2
A return day + return day“ + shape + sex 8 -4870.90 9757.79 209 0.01
+ shape:sex
I ion + +
p  allocation®rewmday *rewm g yez057 g75914 845 0.00
day~ + shape + sex + shape:sex
A 1 3 -4877.13 9760.26 9.56 0.00
A natal location 4 -4876.60 9761.19 10.50 0.00

132



O o o o o o » »r>X»>>>>

O OO0 O

OO0 O O0O0O0000 O

sex
shape

natal location + sex

natal location + shape

shape + sex

natal location + shape + sex

natal location + shape + sex +
shape:sex

natal location + shape + sex

natal location + shape + sex +
shape:sex

natal location + sex

natal location + return day + shape +
sex + shape:sex

natal location + return day + sex
natal location + return day + return
day? + shape + sex + shape:sex

natal location + return day + return
day? + sex

natal location + return day + shape
natal location + return day

natal location

natal location + shape

natal location + return day + return
day? + shape

natal location + return day + return
day?

shape + sex

return day + shape + sex

sex

return day + return day? + shape + sex
return day + shape + sex + shape:sex
return day + sex

return day + return day? + sex

return day + return day? + shape + sex
+ shape:sex

return day

return day + shape

1

shape
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-4877.05
-4877.12
-4876.53
-4876.59
-4876.84
-4876.33

-4876.33
-8783.66
-8783.66
-8785.81
-8783.50
-8785.67
-8783.35

-8785.47

-8787.75
-8788.82
-8789.85
-8789.00

-8787.72

-8788.75

-8800.18
-8799.86
-8802.15
-8799.71
-8799.85
-8801.86
-8801.66

-8799.71

-8804.81
-8803.83
-8806.20
-8805.46

9762.10
9762.24
9763.05
9763.17
9763.68
9764.66

9766.66

17579.33
17581.32
17581.62
17583.00
17583.35
17584.70

17584.95

17587.50
17587.63
17587.70
17588.01

17589.43

17589.50

17610.36
17611.71
17612.30
17613.42
17613.70
17613.73
17615.32

17615.42

17617.63
17617.67
17618.39
17618.91

1141
11.54
12.36
12.48
12.99
13.97

15.96
0.00
1.99
2.29
3.67
4.02
5.37

5.62

8.17
8.30
8.37
8.68

10.11

10.17

31.03
32.38
32.97
34.09
34.37
34.40
36.00

36.09

38.30
38.34
39.06
39.59

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.46
0.17
0.15
0.07
0.06
0.03

0.03

0.01
0.01
0.01
0.01

0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00



C
C

return day + return day?
return day + return day? + shape

5
6

-8804.75 17619.49
-8803.80 17619.59

40.16
40.27

0.00
0.00
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Supplemental Table 3.2. Results of stepwise generalized linear mixed-effect model selection

procedures to explain return day (Model 3.2 in Text). Models were evaluated with the Akaike

Information Criterion (AIC). Fixed effects included fertilization day (return day of pedigreed

mothers), body shape (length/depth), sex (male or female), or null (1). Separate models were

constructed for each spawning population (A Creek or C Creek). All models were compared to
the best-fit model by comparing AIC values (AAIC). The weighted AIC score (WAIC) is the
proportion of the total predictive power provided by the full set of models. Log-likelihood (LL)

accounts for the number of model parameters (K). The null model refers to an intercept-only

model with no covariates.

Creek Fixed Effects K LL AIC AAIC wAIC
A fertilization day + sex 5 -3791.67 7593.35 0.00 0.57
A fertilization day + shape + sex 6 -3791.55 7595.09 1.74 0.24
p  fertilization day + shape + sex + o 00000 750560  2.25 0.19
shape:sex
A fertilization day + shape 5 -3801.01 7612.03 18.68 0.00
A fertilization day 4 -3817.55 7643.09 49.74 0.00
A sex 4 -3953.39 7914.78 321.43 0.00
A shape + sex 5 -3953.26 7916.52 323.17 0.00
A shape + sex + shape:sex 6 -3953.25 7918.50 325.15 0.00
A shape 4 -3960.95 7929.90 336.55 0.00
A 1 3 -3974.80 7955.60 362.25 0.00
C fertilization day + sex 5 -5205.38 10420.77 0.00 0.66
C fertilization day + shape + sex 6 -5205.38 10422.76 1.99 0.24
c  fertilization day + shape + sex + . or0534 1042469 392 0.09
shape:sex
C sex 4 -5303.45 1061491 194.14 0.00
C shape + sex 5 -5303.33 10616.66  195.90 0.00
C shape + sex + shape:sex 6 -5302.64 10617.28 196.51 0.00
C fertilization day + shape 5 -5314.03 10638.06 217.29 0.00
C fertilization day 4 -5320.76 10649.51 228.75 0.00
C shape 4 -5393.85 10795.69 374.93 0.00
C 1 3 -5401.50 10809.01 388.24 0.00
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Supplemental Table 3.3. Results of stepwise generalized linear mixed-effect model selection
procedures to explain fitness as response variables (Model 3.3 in text). Fixed effects included
stray distance (i.e., |estimated natal location — estimated spawn location|), spawn location (meters
from stream mouth), sex (Male or Female), or null (1). Separate models were constructed for
each spawning population (A Creek or C Creek). All models included a random effect of year.
Models were evaluated with the Akaike Information Criterion (AIC). All models were compared
to the best-fit model by comparing AIC values (AAIC). The weighted AIC score (WAIC) is the
proportion of the total predictive power provided by the full set of models. Log-likelihood (LL)
accounts for the number of model parameters (K). The null model refers to an intercept-only

model with no covariates.

Creek  Fixed Effects K LL AIC AAIC  WAIC
ion + +
A 22}3""” location + shape 6 -1053.16 211833 000  0.19

stray distance + spawn
location + shape + sex
A spawn location + shape 5 -1054.58 2119.17 0.84 0.13
stray distance + spawn
location + shape

stray distance + spawn
location + sex

A spawn location + sex 5 -1055.20 2120.39 2.07 0.07
stray distance + spawn
location + shape + sex +

\‘

-1052.31 2118.62 0.30 0.17

(ep]

-1053.78 211956 1.24 0.10

(ep]

-1054.20 2120.39 2.07 0.07

A : 8 -1052.24 2120.48 2.15 0.07
stray distance:spawn
location

A shape + sex 5 -1055.65 2121.29 2.97 0.04
stray distance + spawn

A location + shape + stray 7  -1053.73 212145 3.13 0.04
distance:spawn location

A shape 4  -1057.03 2122.07 3.74 0.03

A zter)‘?y distance +shape+ o 1oc506 212212 380 003
stray distance + spawn

A location + sex + stray 7  -1054.11 212222 3.89 0.03
distance:spawn location

A stray distance + shape 5 -1056.49 212298 4.66 0.02

A sex 4 -1057.77 212354 521 0.01
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stray distance + sex
stray distance + spawn
location

spawn location

stray distance + spawn
location + stray
distance:spawn location
stray distance

1

stray distance + spawn
location + sex + stray
distance:spawn location
stray distance + spawn
location + sex

stray distance + spawn
location + shape + sex +
stray distance:spawn
location

spawn location + sex
stray distance + spawn
location + shape + sex
spawn location + shape +
sex

stray distance + spawn
location + shape + stray
distance:spawn location
stray distance + spawn
location + stray
distance:spawn location
stray distance + spawn
location + shape

stray distance + spawn
location

spawn location + shape
spawn location

stray distance + sex
stray distance + shape +
sex

stray distance

stray distance + shape

o1 O

4

w b

~N O

(ep]

(op]

-1057.06
-1068.74
-1070.22

-1068.70

-1071.97
-1073.07

-1751.60

-1753.47

-1751.48

-1755.30
-1753.36

-1755.17

-1760.43

-1761.74

-1762.10

-1763.34

-1764.22
-1765.54
-1779.19

-1779.17

-1787.32
-1786.59

2124.13
2147.48
2148.44

2149.40

2151.94
2152.15

3517.20

3518.94

3518.96

3520.59
3520.72

3522.34

3534.87

3535.47

3536.20

3536.68

3538.44
3539.08
3568.37

3570.34

3582.64
3583.19

5.80
29.15
30.12

31.07

33.61
33.82

0.00

1.74

1.77

3.39
3.52

5.15

17.67

18.27

19.00

19.49

21.24
21.89
51.17

53.14

65.44
65.99

0.01
0.00
0.00

0.00

0.00
0.00

0.44

0.19

0.18

0.08
0.08

0.03

0.00

0.00

0.00

0.00

0.00
0.00
0.00

0.00

0.00
0.00



O000

sex

shape + sex
1

shape

A W o b~

-1796.77
-1796.76
-1805.61
-1804.88

3601.54
3603.52
3617.22
3617.76

84.35
86.32
100.03
100.56

0.00
0.00
0.00
0.00
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Supplemental Table 3.4. Results of stepwise generalized linear mixed-effect model selection
procedures to explain fitness as response variables (Model 3.4 in text). Fixed effects included
temporal stray distance (i.e., [fertilization day — return day/|), spawn location (meters from stream
mouth), sex (Male or Female), or null (1). Separate models were constructed for each spawning
population (A Creek or C Creek). All models included a random effect of year. Models were
evaluated with the Akaike Information Criterion (AIC). All models were compared to the best-fit
model by comparing AIC values (AAIC). The weighted AIC score (WAIC) is the proportion of
the total predictive power provided by the full set of models. Log-likelihood (LL) accounts for

the number of model parameters (K). The null model refers to an intercept-only model with no

covariates.
Creek Fixed Effects K LL AIC  AAIC wAIC
A return day + shape + sex 6 -1348.42 2708.84 0.00 0.34
A return day + sex 5 -1349.87 2709.75 0.91 0.22
A temporal stray distance + return 7 134840 271080 1.95 0.13
day + shape + sex
A return day + shape 5 -1350.75 271151 2.66 0.09
A temporal stray distance + return 6 -1349.80 271161 2.77 0.09
day + sex
temporal stray distance + return
A day + shape + sex + temporal 8 -1348.33 2712.67 3.83 0.05
stray distance:return day
A temporal stray distance + return 6 -1350.75 271350 4.66 0.03
day + shape
temporal stray distance + return
A day + sex + temporal stray 7 -1349.76 271352 4.68 0.03
distance:return day
temporal stray distance + return
A day + shape + temporal stray 7 -1350.59 2715.18 6.34 0.01
distance:return day
A iersr;f(ora' stray distance + shape ¢ _10cq 05 271844 959 0.00
A shape + sex 5 -1354.38 2718.77 9.92 0.00
A temporal stray distance + sex 5 -135456 2719.12 10.28 0.00
A sex 4 -1356.01 2720.02 11.18 0.00
A shape 4 -1357.10 272221 13.37 0.00
A temporal stray distance + shape 5 -1356.14 2722.28 13.44 0.00
A return day 4 -1367.04 2742.08 33.23 0.00
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temporal stray distance + return
day

temporal stray distance + return
day + temporal stray
distance:return day

temporal stray distance

1

return day + sex

temporal stray distance + return
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return day + shape + sex
temporal stray distance + return
day + sex + temporal stray
distance:return day

sex

temporal stray distance + return
day + shape + sex

temporal stray distance + return
day + shape + sex + temporal
stray distance:return day

shape + sex

temporal stray distance + sex
temporal stray distance + shape
+ sex

1

shape

return day + shape

return day

temporal stray distance + return
day + shape + temporal stray
distance:return day

temporal stray distance + return
day + temporal stray
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temporal stray distance + shape
temporal stray distance + return
day + shape
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-1366.98

-1366.50

-1373.87
-1375.69
-2035.24

-2035.12
-2035.19

-2034.21

-2037.30
-2035.08

-2034.15
-2037.28
-2037.30
-2037.28

-2048.26
-2047.27
-2046.83
-2047.97

-2045.06

-2046.18

-2048.26
-2047.27

-2046.82

-2047.95

2743.95

2745.00

2755.74
2757.38
4080.47

4082.25
4082.37

4082.41

4082.60
4084.16

4084.31
4084.56
4084.60
4086.56

4102.52
4102.53
4103.67
4103.95

4104.12

4104.36

4104.52
4104.53

4105.63

4105.90

35.11

36.16

46.90
48.54
0.00

1.77
1.90

1.94

2.13
3.68

3.83
4.09
4.13
6.09

22.05
22.06
23.20
23.47

23.65

23.89

24.05
24.06

25.16

25.43

0.00

0.00

0.00
0.00
0.32

0.13
0.12

0.12

0.11
0.05

0.05
0.04
0.04
0.02

0.00
0.00
0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.00
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