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Abstract

Creation and utilization of novel genetic methods for studying and improving

management of Chinook salmon populations

by

Anthony J. Clemento

As a major component of fisheries in the northern Pacific Ocean, Chinook salmon (On-

corhynchus tshawytscha) are of significant management concern. Their anadromous

life history, in which adult fish migrate to their natal streams, leads to populations

(stocks) that are genetically distinguishable and, ideally, would be managed indepen-

dently. Many of these stocks, particularly at the southern end of the species’ range,

have experienced serious declines, which has motivated widespread hatchery production

and supplementation. The physical coded-wire tagging (CWT) program currently used

to track hatchery fish, and ultimately to supply information for cohort-based fishery

harvest models, is increasingly ineffective and can no longer sustain the data demands

of fishery managers and scientists. Also, current genetic tools utilizing microsatellite

markers do not scale well to the enormous number of fish that need to be analysed,

have error rates that are too high for individual- and pedigree-based methods, and

genotype inconsistently across laboratories, creating an impediment to interjurisdic-

tional collaboration. However, the next generation of genetic markers, single nucleotide

polymorphisms (SNPs), do have low enough error rates and are amenable to the high-

throughput genotyping required for ocean fishery stock identification and large-scale

xi



tagging of hatchery fish via pedigree reconstruction. Here we describe the successful

identification of 117 novel SNP loci using genomic data from a sister salmonid taxon

and demonstrate their substantial power for discriminating five major stocks of salmon

from the three largest basins on the Pacific coast of North America. We then assemble

a panel of 96 SNP loci and genotype over 8000 individuals from 69 distinct populations

for construction of a baseline for genetic stock identification (GSI) and show that it

has, effectively, near-maximum power for discriminating most Chinook salmon stocks

captured in mixed-stock fisheries off the coasts of California and Oregon. This baseline

is used to confidently assign over 2000 ocean-caught Chinook to their source population

and demonstrate over 99% concordance between the GSI assignments and identifications

from CWTs recovered from these fish. The same panel of SNPs is also used to imple-

ment a large parentage-based tagging (PBT) experiment at one of the most productive

hatcheries in the Central Valley of California. PBT involves genotyping reproducing

adults and using their genotypes as intergenerational genetic tags that are recovered

through parentage inference with their progeny. By genotyping over 12,000 individuals

from six complete brood years, we show that the large number of resulting pedigrees

effectively provide the same age and stock information as traditional CWTs, but also

can be used to inform hatchery breeding practices, estimate the heritability of physical

traits and eventually can serve as the basis for detailed linkage maps and associated

mapping of quantitative trait loci. The genetic resources developed here are a substan-

tial improvement over current methods and are fundamentally changing the way salmon

populations are studied, monitored and managed.
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Introduction

The use of genetics to study and monitor populations is now ubiquitous as

molecular markers have been discovered and made available for a wide range of species.

While the concept of genetic research and monitoring can be interpreted broadly, most

implementations utilize molecular data to discern population structure, study evolu-

tionary and ecological processes, or measure population genetic parameters over time

(Schwartz et al. 2006). Genetic markers can also be employed in lieu of physical tags

for mark-recapture experiments (Palsbøl 1999) and as a tool for performing parentage

assignment (Blouin 2003), which can yield insights into mating systems (Pearse 2001)

and elucidate population dynamics (Hauser and Carvalho 2008). Pedigrees resulting

from parentage assignment can also be used to estimate heritability and map genes in-

volved in the inheritance of physical traits (e.g. size, growth, reproduction, migration)

to their chromosomal locations (Fisher 1918, Lynch and Walsh 1998, Wu et al. 2007).

Such data can provide a predictive framework for assessing the effects of environmental

change on populations or the impacts of different management and conservation actions

on captive or wild populations.

As a keystone species in the marine, terrestrial and freshwater ecosystems of

1



the West Coast of North America (Willson and Halupka 1995, Cederholm et al. 1999,

Helfield and Naiman 2006), Chinook salmon (Oncorhynchus tshawytscha) provide an

excellent system for ecological and population genetic investigations. Chinook salmon

are anadromous, a life-history strategy characterized by adult migrations from the ocean

to spawn in their natal stream, followed by subsequent juvenile migrations back out to

the ocean. This spawning site fidelity creates genetically distinct populations and can

provide an opportunity for local adaptation (Utter 1989; Taylor 1991). Chinook salmon

exhibit broad variation in the duration of their juvenile freshwater residency, timing of

adult spawning migrations and patterns of reproductive maturity (Taylor 1990, Groot

and Margolis 1991). Two of the most common reproductive ecotypes described in the

species, “spring-run” and “fall-run”, often inhabit the same river systems. Spring-run

fish are sexually immature as adult migrants, holding in deep river pools far up river

drainages until they mature and spawn in fall and winter months; for fall-run fish sexual

maturation is coincident with upstream migration in the Fall and consequent spawning

in lower river reaches (Quinn 2005). Chinook populations are distributed around the

Pacific Rim from the Central Coast of California in the east to Japan and coastal

Russia in the west. They are the target of highly valuable commercial and recreational

fisheries throughout the northern Pacific Ocean and continue to be a primary source of

sustenance for Native American peoples.

Salmon, as with many other marine fish species (i.e. sardines and anchovies),

naturally experience high variability in abundance. In the North Pacific, salmon abun-

dance has been shown to be tied to naturally occurring climate oscillations on decadal

2



timescales (Mantua et al. 1997). The predominant oceanographic features of the north-

eastern Pacific are the eastern edges of the Alaskan subpolar gyre and the north Pacific

subtropical gyre, which are alternately affected in the different phases of the Pacific

Decadal Oscillation (PDO; Hare and Mantua 2000, Mantua and Hare 2002). Likely

driven by changes in primary production associated with sea-surface temperature and

upwelling (Cole 2000, Hinke et al. 2005), salmon fisheries in Alaska and along the Pa-

cific Northwest coast have alternately experienced depressions corresponding with PDO

cycles (Kruse 1998, Hare et al. 1999). While fishery scientists can utilize this type of

oceanographic information for increased ecosystem-based management (Field and Fran-

cis 2006), salmon still face challenges not only in the marine environment but also in

rivers and streams (Bisbal and McConnaha 1998).

Degradation of riverine spawning habitat, diversion of fresh water for human

use, over-fishing, hatchery domestication selection, and highly variable ocean conditions

have all been implicated in the recent declines of Chinook salmon populations in the

southern portion of the species’ range (Lindley et al. 2009). As a consequence, many

Chinook salmon populations in the contiguous United States are now listed as threat-

ened or endangered under the federal Endangered Species Act (Myers et al. 1998). In

order to mitigate for the multiple impacts threatening Chinook salmon populations,

state and federal agencies now produce millions of fish annually in hatcheries. These

hatchery fish, intended to reduce variability in ocean abundance, provide fishing oppor-

tunities, and satisfy Native American treaty obligations, comingle with wild fish in the

ocean and can compose the majority of the catch in certain times and places (Beamish

3



et al. 1997). However, the ecological consequences of releasing large numbers of hatch-

ery fish are poorly understood (Levin et al. 2001), and may be severely compromising

efforts to preserve wild populations (Hilborn 2011). Some natural populations may

now be composed primarily of hatchery individuals or their offspring (Barnett-Johnson

2007).

The Central Valley of California was once the second largest source of Chinook

salmon on the U.S. West Coast (after the Columbia River), despite being the southern-

most drainage to support the species. Dominated by the Sacramento River to the north

and the San Joaquin River to the south, the Central Valley historically maintained wild

populations that numbered in the millions (Yoshiyama et al. 2001). As in most river

systems that support the species, Chinook salmon from the Central Valley display a

wide variety of life-history strategies, varying in the timing of migrations and sexual

maturation (Yoshiyama et al. 1998). However, a majority of the historical spawning

habitat for salmon has been eliminated as rivers are engineered for flood control and

water is appropriated for agriculture, domestic water supplies, and hydroelectric pro-

duction (Fisher 1994). Because spring-run Chinook salmon, which migrate upstream

months before the fall-run form, generally penetrate further up into watersheds, the

many large dams on Central Valley rivers disproportionately eliminated their primary

spawning and holding habitats. Spring-run Chinook, which historically were more nu-

merous than the fall-run in ocean fisheries (Yoshiyama et al. 2001), have experienced

severe declines in California and are now listed as threatened under the California state

and the federal endangered species acts. Six hatcheries now produce the majority of
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Chinook (spring- and fall-run) that return to the Central Valley (Fisher 1994).

Ensuring sustainability and the persistence of salmon populations while pro-

viding fishing opportunities can be a complex task. Underestimation of the contri-

bution from specific stocks can have serious conservation implications (e.g. overfishing

and/or extinction of wild stocks), while overestimation can leave the resource under-

exploited, potentially costing the fishing industry and coastal communities millions of

dollars (Michael 2010). Management of Pacific Ocean salmon fisheries off North America

can be roughly divided into three regions: California and Oregon fisheries are managed

by the Pacific Fishery Management Council (PFMC); fisheries in Washington, British

Columbia, Canada and southeast Alaska are subject to the international Pacific Salmon

Treaty, reported to and regulated by the Pacific Salmon Commission (PSC); and fish-

eries further north and west in Alaska are managed by the state, with salmon by-catch

under the purview of the North Pacific Fishery Management Council. The primary

method of assessing fishery impacts is through cohort analysis models. These mod-

els attempt to account for fishery mortalities on groups of fish (primarily of hatchery

origin) born in the same year (and therefore the same age) through time. However,

the uncertainty in the models coupled with the difficulty of estimating fishery impacts

on highly age-structured populations has left scientists and managers in need of better

data (Hankin 2005). Currently, the primary source of information for cohort analysis

models comes from coded wire tags. Management of Chinook salmon fisheries in the

eastern Pacific Ocean depends on an elaborate marking and coded-wire tagging pro-

gram, implemented and monitored by State and Federal agencies. The primary focus
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of this monitoring program is the millions of fish produced annually in hatcheries along

the West Coast of North America. Data extrapolated from the program are used to

parameterize stock-specific forecasting models and to estimate ocean abundance indices,

which are then used to set fishing areas and seasons, determine quotas and legal gear

and establish catch limits and size restrictions (Hyun, 2012). The accuracy of these

models and the resulting abundance estimates are highly dependent on the quantity

and quality of data input.

Genetic methods have long been used to study various aspects of salmon bi-

ology and ecology. The earliest genetic analyses of salmon utilized electrophoretically

detectable protein polymorphisms known as allozymes, which were sufficient for discrim-

inating populations at a relatively coarse geographic scale (Milner et al. 1985; Tessier

et al. 1995; Allendorf and Seeb, 2000). With the introduction of polymerase chain

reaction (PCR) and development of modern genetic techniques, a variety of new marker

types became available to salmon scientists, including mitochondrial markers (mtDNA),

amplified fragment length polymorphisms (AFLPs), minisatellites, and microsatellites

(Beacham et al. 1996; Smith et al. 2001; Flannery et al. 2007; Clemento et al. 2009).

For almost two decades, microsatellites have been employed in studies of population

structure, behavioral ecology, and pedigree relationships, as well as for individual and

genetic stock identification, because of their extensive polymorphism (Banks et al. 2000;

Smith et al. 2005b/c; Seamons et al. 2004; Pearse et al. 2007; Smith et al. 2007). While

their high variability provides sufficient statistical power for many population genetic

applications, microsatellites can have high genotyping error and mutation rates. In ad-

6



dition, combining microsatellite data generated in different laboratories, or on different

instrument platforms in the same laboratory, can require an onerous standardization

procedure to account for subtle differences in electrophoretic conditions and resulting

instrument output. This standardization process can add significant time and expense

to multilateral database construction and collaborative research (Seeb et al. 2007).

As genomic resources for salmonids have expanded, single nucleotide poly-

morphism (SNP) markers have become an increasingly common choice for population

genetic studies (Morin et al. 2004). A SNP is variation at a single DNA base at a known

location in the genome. SNPs are abundant and can be found in both coding regions,

where they may be targeted by selection, and in non-coding regions, where they are

often assumed to not be the direct targets of natural selection (Vignal et al. 2002, Nosil

et al. 2009). Since SNPs are generally bi-allelic, comparable power to highly polymor-

phic microsatellite markers is attained by using larger numbers of loci (Anderson and

Garza 2006, Narum et al. 2008). At the same time, new technologies have yielded plat-

forms (i.e. nanofluidics, microarrays) for efficient, high-throughput genotyping at large

numbers of SNP markers. Data generation on these platforms requires significantly less

time and money and resulting genotypes are subject to much lower error rates than

microsatellites. While SNP development for Chinook salmon began around the middle

of the last decade (Smith et al. 2005a, 2005b, 2006; Campbell and Narum 2008), only

about 30 markers were available at the outset of the research described here. Discovery

of larger numbers of SNPs (described in Chapter 1) is the first step towards imple-

menting new SNP-based methods for genetic stock identification (GSI; Chapter 2) and
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parentage-based tagging (PBT; Chapter 3) of Chinook salmon.

In Chapter 1, I further motivate the need for SNP development in Chinook

salmon and describe the methodology we used to discover 117 novel SNP markers. De-

spite the broad importance of the species, very few genomic resources are available,

so the utility of expressed sequence tag (EST) data from a more well-studied, some-

what closely-related, species was explored, steelhead trout (Oncorhynchus mykiss), for

primer design. Although ESTs are by definition in coding regions, it can be expected

that the resulting genomic DNA sequences will encompass introns, where SNPs may

also be observed. I hypothesize that employing a balanced ascertainment panel for se-

quencing, with representatives drawn from a broad geographic range, will yield SNPs

with increased power for population discrimination. Furthermore, implementing strict

criteria about observed genotypes in the sequencing data should high-grade for SNPs

with sufficient allele frequencies for GSI and PBT applications.

In Chapter 2, I describe the development of a coastwide genetic database for

identifying Chinook salmon caught in fisheries in the California Current Large Marine

Ecosystem. It is hypothesized that a single panel of 96 SNPs can be sufficient for

providing the stock of origin for fish captured in large mixed-stock ocean fisheries. I

explain the procedures used to select SNPs for inclusion in the panel and evaluate

the power of the new baseline for genetic stock identification using valid statistical

methods. The markers designed using the balanced ascertainment strategy described

in Chapter 1 can be expected to be particularly effective for GSI, even if there are not

large allele frequency differences between populations. I also demonstrate that inference
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from the genetic data is comparable to that generated by physical tags for management

applications.

In Chapter 3, I hypothesize that the same panel of SNP markers employed

in Chapter 2 will be equally effective for intergenerational genetic tagging of a large

hatchery population from the Feather River Hatchery, CA. The parentage-based tagging

technique described here is fundamentally different from GSI; rather than assigning fish

to their most likely management unit using allele frequencies, individuals are specifically

identified by inferring parentage. The method is expected to be sufficiently powerful

that the parent pairs assembled in pedigrees using the genetic data will match those

recorded during spawning at the hatchery. Additionally, I demonstrate the utility of

knowing large numbers of pedigrees for estimating the impacts of artificial propagation

in the hatchery. Pedigrees can be used not only to assess important population genetic

parameters (i.e. inbreeding) in unprecedented detail but also to estimate the heritability

of observed life-history traits. It is likely that the tools developed and described here

will substantially change the way Chinook salmon are managed, both in ocean fisheries

and at hatcheries.

9



Chapter 1

Discovery and characterization of single

nucleotide polymorphisms in Chinook

salmon, Oncorhynchus tshawytscha1

1.1 Abstract

Molecular population genetics of non-model organisms has been dominated by

the use of microsatellite loci over the last two decades. The availability of extensive

genomic resources for many species is contributing to a transition to the use of single

nucleotide polymorphisms (SNPs) for the study of many natural populations. Here we

describe the discovery of a large number of SNPs in Chinook salmon, one of the worlds

most important fishery species, through large-scale Sanger sequencing of expressed se-

1published: Clemento, A.J., A. Abad́ıa-Cardoso, H.A. Starks, and J.C. Garza. 2011. Molecular
Ecology Resources 11(Suppl. 1):50-66.
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quence tag (EST) regions. More than 3MB of sequence was collected in a survey of

variation in almost 132KB of unique genic regions, from 225 separate ESTs, in a diverse

ascertainment panel of 24 salmon. This survey yielded 117 TaqMan (5’ nuclease) as-

says, almost all from separate EST regions, which were validated in population samples

from five major stocks of salmon from the three largest basins on the Pacific coast of

the coterminous United States: the Sacramento, Klamath and Columbia Rivers. The

proportion of these loci that was variable in each of these stocks ranged from 86.3 to

90.6% and the mean minor allele frequency ranged from 0.194 to 0.236. There was

substantial differentiation between populations with these markers, with a mean FST

estimate of 0.107, and values for individual loci ranging from 0 to 0.592. This substan-

tial polymorphism and population-specific differentiation indicates that these markers

will be broadly useful, including for both pedigree reconstruction and genetic stock

identification applications.

1.2 Introduction

Chinook salmon (Oncorhynchus tshawytscha) is the largest species of Pacific

salmonid and one of the worlds most commercially and recreationally valuable fish-

ery species. Chinook salmon are anadromous, meaning that they hatch in rivers and

streams, migrate to the ocean during either the first or second year of life, and then typ-

ically return to their natal stream to spawn. This homing creates geographic population

structure and facilitates the potential local adaptation of populations and larger groups.
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In the marine environment, stocks from different rivers, hatcheries and ecotypes, as well

as fish of different ages, commingle, making it difficult to quantify catch composition

or avoid stocks with depressed abundance in ocean fisheries. Degradation of riverine

spawning habitat, diversion of fresh water for human use, over-fishing, hatchery do-

mestication selection, and highly variable ocean conditions have all been implicated in

the recent declines of populations in the southern portion of the species range (Lindley

et al. 2009). As a consequence, many Chinook salmon populations in the contiguous

United States are now listed as threatened or endangered under the federal Endangered

Species Act (Myers et al. 1998). Populations in California have seen particularly severe

reductions over the last decade, culminating with complete closures of the commercial

fishery off California and Oregon in 2008 and 2009 (Lindley et al. 2009).

Population genetics has played a prominent role in salmon research and man-

agement over the last several decades. However, the predominant type of molecular

genetic marker used has varied substantially over time. Prior to and immediately fol-

lowing the introduction of the polymerase chain reaction (PCR), allozymes were the

primary type of genetic marker available for fish biologists (Myers et al. 1998; Waples

et al. 2004). Following the introduction of PCR, came many other marker types includ-

ing mitochondrial (mtDNA), amplified fragment length polymorphisms (AFLPs), min-

isatellites, and microsatellites (Beacham et al. 1996; Smith et al. 2001; Schlotterer 2004;

Flannery et al. 2007; Clemento et al. 2009). Microsatellites, in particular, have been em-

ployed broadly in salmonids for studies of population structure, behavioral ecology, and

pedigree relationships, as well as for individual and genetic stock identification, because
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of their extensive polymorphism (Banks et al. 2000; Smith et al. 2005b/c; Seamons et

al. 2004; Pearse et al. 2007; Smith et al. 2007). This variation provides substantial

statistical power for many population genetic applications, but related to this is that

microsatellites can have high genotyping error and mutation rates. In addition, com-

bining microsatellite data generated in different laboratories, or on different instrument

platforms in the same laboratory, may require a non-trivial standardization process to

account for subtle but ubiquitous differences in electrophoretic conditions and resulting

instrument output. This standardization process adds significant time and expense to

multilateral database construction and collaborative research (Seeb et al. 2007).

More recently, single nucleotide polymorphism (SNP) markers have come to

prominence (Morin et al. 2004). A SNP is a variation in the base present at a specific

nucleotide site in the genome. SNPs are the most abundant polymorphism in vertebrate

genomes, with a SNP present every 100-500bp on average (Vignal et al. 2002). They

are common in both coding and non-coding regions of the genome and are typically

biallelic, so analytic power similar to that provided by microsatellites is achieved by

using larger numbers of loci (Anderson and Garza 2006; Narum et al. 2008; Glover et

al. 2010). SNPs require substantially less laboratory staff time for allele calling and

with the advent of new high-throughput genotyping technology, such as nanofluidics

and spotted microarrays, data can be generated more quickly and at lower cost than

for other marker types. Moreover, standardization requires only that laboratories agree

to reporting standards and, ideally, that they use an identical, or overlapping, set of

markers. While SNPs have seen extensive use in humans and model organisms, other
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research communities have been slow to transition to SNP-based data collection, pri-

marily because of the lack of genomic resources available for non-model species and the

costs and effort involved in marker development.

In recent years, SNP development for Pacific salmonids has begun (Smith et

al. 2005a, 2005b, 2006; Aguilar and Garza 2008; Campbell and Narum 2008; Campbell

et al. 2009; Abad́ıa-Cardoso 2011) and there are currently a handful of SNP assays

available for all of the Pacific salmonid species. Nevertheless, many more are necessary

for a number of the applications in which genetic markers are currently in use, including

pedigree reconstruction, genetic stock identification, linkage map construction and QTL

mapping. Moreover, since many of the existing assays were developed with specific

applications in mind, they are frequently of limited utility in populations or phylogenetic

lineages that were not part of the discovery process, due to ascertainment bias (Clark

et al. 2005; Smith et al. 2007; Albrechtsen et al. 2010). The implementation of SNP-

based methods, such as large-scale parentage inference (Garza and Anderson 2007), in

California and other marginal parts of the species range requires many additional SNP

assays.

SNP discovery typically involves examination of DNA sequence data from mul-

tiple individuals at the same locus, or identification of heterozygous nucleotide sites in

a single individual. When only a small number of individuals from selected populations

are used to discover or ascertain SNP variation, an ascertainment bias is introduced.

This bias results in the allele frequency spectrum being shifted upward, with an under-

representation of rare SNPs, which leads to overestimates of genome-wide heterozygosity
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and population differentiation (Clark et al. 2005; Smith et al. 2007; Albrechtsen et al.

2010). This ascertainment sampling bias also results in SNPs that are not as poly-

morphic in other parts of the species range. Clark et al. (2005) recommend the use of

standardized ascertainment criteria and a large ascertainment sample of known origin

that includes individuals from outside of the primary focus range to reduce these biases

and provide marker loci with broad utility.

Despite the species’ importance, genetic resources for salmonids are still rela-

tively scarce; there is not a complete genome sequence for any salmon species and there is

not even a published linkage map for Chinook salmon. There is, however, a large library

of expressed sequence tags (ESTs) from rainbow trout (Oncorhynchus mykiss), archived

by the Gene Index Project (http://compbio.dfci.harvard.edu/tgi/). These ESTs include

full or partial cDNA sequences that have been reverse transcribed from mRNA (Bouck

and Vision 2007). Rainbow trout is in the same genus as Chinook salmon and previous

work has shown that primers derived from O. mykiss can be successfully used to isolate

DNA fragments and discover SNPs in other Oncorhynchus species (Smith et al. 2005a).

Primers for conserved regions of known genes are also available in the literature (e.g.

Moran 2002).

Here we describe the discovery, design of molecular assays, and evaluation of

117 new SNP assays for Chinook salmon, more than doubling the number of published

SNP markers for use in the species. We sequenced genic regions in the Chinook genome

from a geographically and phenotypically diverse ascertainment sample of 24 fish. We

targeted 480 loci from ESTs of unknown function, as well as genes whose functions are
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well described, and designed more than 150 5’ exonuclease (TaqMan) assays. Assays

were tested and validated by genotyping 337 individuals from five major lineages of

the species, from the three largest rivers on the west coast of the coterminous United

States (Sacramento, Klamath and Columbia Rivers) and the details of the resulting 117

validated assays are reported here.

1.3 Methods

1.3.1 Primer Design and PCR

Oligonucleotide primers were designed for 480 ESTs randomly selected from

the O. mykiss Gene Index database of EST sequences. A secondary targeted gene

approach was undertaken using primer information from 11 genes from published sources

(e.g. Moran 2002) or in GenBank. Primers were designed using Primer3 (v.0.4.0; Rozen

and Skaletsky 2000) and targeted EST segments 400-500 bp in length, so that genomic

DNA fragments would generally be smaller than 1000bp, even if they contain introns.

These primers (sequences are available from the authors upon request) were then used to

amplify genomic DNA from a geographically and phylogenetically diverse ascertainment

sample of 24 Chinook salmon, including fish from California populations with which we

are actively working (Sacramento: Feather River-Spring and Fall, n=12; Sacramento:

Butte Creek-Spring, n=2; Eel River, n=2; Klamath River, n=2), and also from elsewhere

in the North American range of the species, including Washington (Columbia-Kalama

River-Spring, n=2) and Canada (Thompson River-Spius Creek, n=2; Nanaimo Creek,
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n=2). For the California samples, DNA was extracted from dried caudal fin clips using

DNeasy 96 kits on a BioRobot 3000 (Qiagen, Inc.). For the other samples, previously

extracted and frozen DNA was provided by collaborators.

Polymerase chain reaction (PCR) was carried out in 15µL single-locus reactions

using Applied Biosystems (ABI) reagents as follows: 1.5µL of 10X buffer, 0.9µL of

1.5mM MgCl2, 1µL of 2.5mM dNTPs, 1µL of 5mM primers (forward and reverse), 6.6µL

of deionized water, 0.05µL of AmpliTaq 5U/µL DNA polymerase, and 4µL of genomic

DNA. The thermal cycling routine employed was a modified step-down protocol with

an initial denaturation of 95◦C for 5 min, followed by 95◦C for 3 min, 63◦C for 2 min,

72◦C for 1 min, repeated 13 times with a 1◦C decrease in anneal temperature (63-50◦C)

each cycle, then 9 cycles of 95◦C for 30 s, 51◦C for 30 s, 72◦C for 1 min, and 11 cycles of

95◦C for 30 s, 51◦C for 30 s, 72◦C for 1 min (+10 s/cycle), with a final 5 min extension

at 72◦C. PCR products were visualized on 2% agarose gels by electrophoresis.

1.3.2 Sequencing and SNP Assay Development

If a locus showed a single band on the agarose gel for most individuals, PCR

products from all 24 individuals were then sequenced, even for samples from which

no band was visible, in an effort to preserve sample sizes. An EXO-SAP clean-up was

performed prior to sequencing; 5µL of PCR product, 0.15µL of Exonuclease I (20U/µL),

1µL of shrimp alkaline phosphatase (1U/µL), 0.5µL of 10x buffer and 3.36L of deionized

water were incubated at 37/µC for 60 min and then 80◦C for 20 min with a final cool

down to 4◦C. Cycle sequencing reactions employed the BigDye Terminator sequencing
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kit (v. 3.1; Applied Biosystems, Inc.) with standard conditions. Sequencing reaction

products were then purified using 6% Sephadex columns and sequenced on an ABI

3730 DNA Analyzer using standard conditions. Sequences were assembled into contigs

(24 individuals, forward and reverse sequences) and aligned with Sequencher 4.6 (Gene

Codes Corporation) using the Dirty Data algorithm with a Minimum Match Percentage

of 85% and a Minimum Overlap of 20 bp. Potential polymorphisms were visually verified

on the chromatograms.

Only sites for which both homozygote genotypes and the heterozygote geno-

type were observed were chosen for assay development, so as to minimize identification

of sequencing artifacts as polymorphisms and to ensure that the resulting SNP assays

would have suitable minor allele frequencies for our intended applications. If all ob-

served variable sites were heterozygous, we assumed that this was likely a duplicated

gene and it was excluded from further analyses. In consensus sequences with multi-

ple candidate SNPs, the site with the highest minor allele frequency (MAF) in the

sequences from the Feather River populations was selected. The location of the SNP

in either exonic or intronic sequences was evaluated (see Table 1.4) but was not used

as a criteria for selecting the target variation. The contig sequence information was

then sent to ABI for design of 5′ exonuclease (TaqMan) assays. Taqman assays use two

sequence-specific unlabeled primers and two allele-specific fluorescently-labeled probes

to directly distinguish nucleotide variants (SNPs) in the target genomic DNA sample.

These assays can be interrogated on a single locus, real time PCR instrument (e.g. ABI

7300 Real Time PCR System) or on a multiplex platform (e.g. Fluidigm BioMark/EP1
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nanofluidic arrays).

Each Taqman assay was then evaluated on population samples of salmon from

the three largest basins on the West Coast of the United States, in order to validate

assay performance, refine allele frequency estimates and to evaluate the expected power

of the markers for various applications. The five populations/stocks that were included

are Feather River Spring-run, Butte Creek Spring-run, and Mokelumne River/Battle

Creek Fall-run from the California Central Valley, Klamath and Trinity River Fall-run

from northern California, and the Kalama and Cowlitz Rivers Spring-run stocks from

the Columbia River basin in Washington. The 337 individuals from these five pop-

ulations/stocks were genotyped with all designed assays on Fluidigm 96.96 Dynamic

Arrays using the Fluidigm EP1 instrumentation and according to the manufacturers

protocols. The Fluidigm system uses nano-fluidic circuitry to simultaneously genotype

up to 96 samples with 96 loci in tiny reaction chambers embedded on the arrays (see

Seeb et al. 2009 for a full description of the Fluidigm system methodology). Genotypes

were called and the data compiled using the Fluidigm SNP Genotyping Analysis soft-

ware. Each assay was assessed for plot quality and expected clustering patterns. The

MAF and expected (HE , unbiased) and observed (HO) heterozygosity were calculated

for each population. The software package GENETIX (Belkhir et al. 1996-2004) was

used to estimate global FST (theta) with the estimator of Weir and Cockerham (1984),

as an indicator of the power of the locus for genetic stock identification and related

applications. Deviations from Hardy-Weinberg equilibrium proportions were evaluated

with GENEPOP 4.0 (Rousset 2008).
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1.4 Results

Of the 480 EST fragments targeted in the initial round of discovery, 244 yielded

a single band when PCR products were electrophoresed in agarose and were further

evaluated by sequencing; loci with multiple, weakly visible, or no PCR products were

not considered further. Of the 244 loci that yielded PCR products, we successfully

acquired sequence data for 225 EST fragments, with an average of 32 (of a maximum

possible of 48) sequences per locus, when considering both forward and reverse strands

(Table 1.1). The total length of the consensus sequences generated was 131.3kb, with a

mean consensus length of 554 bp per gene. Eighty-seven loci (38.7%) yielded fragments

substantially larger than the target fragment (for 12 of these loci forward and reverse

sequences did not overlap), indicating the presence of one or more introns. Of the 225

EST loci for which sequence data were obtained, 177 contained some variation. In total,

661 variable sites were observed (including substitutions and insertions/deletions) and,

of these, 611 were observed nucleotide substitutions that are potential SNPs. Only two

nucleotides were observed at all but two of the 611 sites with substitutions present, with

three bases observed at the other two sites. Fifty insertion/deletion polymorphisms were

also identified, as were fifteen suspected microsatellites, but these were not considered

targets for assay development at this time.

The mean density of observed mutations in the ∼131 kb of consensus EST

sequence was 0.0046, or about one substitution every 215 bp. The mean length of

fragments composing the consensus sequence was also weighted by the number of in-
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Table 1.1: Summary of EST sequencing effort to identify genetic variation in popula-
tions of Chinook salmon (O. tshawytscha) from the west coast of North America. The
weighted estimates account for unobserved variation in consensus sequence derived from
less than 24 individuals.

Total Mean per locus
[range]

EST loci successfully sequenced 225

Base-pairs sequenced (all fragments) 3,024,916 12763.36 [382-45720]

Length of consensus sequence (bp) 131,287 553.95 [99-1566]

Weighted consensus (bp) 112,115 498.29 [72-1524]

Number of observed substitutions 611 2.72 [0 - 17]

Number of SNPs (all three genotypes observed) 228 1.01 [0 - 7]

Loci with no variable sites 48

Insertions/deletions (indels) 50

Transitions (A-G or C-T) 319

Transversions (A-C or G-C or A-T or G-T) 290

Sites with 3 nucleotides observed 2

Possible duplicated genes 11

Total number of substitutions + indels 661

Density of substitutions in consensus sequence 0.0047

Density of substitutions in weighted consensus sequence 0.0054
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dividuals for which each nucleotide was sequenced, so as to correct estimates of SNP

density for undiscovered variation in the unsequenced individuals. This weighted con-

sensus sequence length yielded a density estimate of 0.0054 or about one SNP every

183 bp. When only candidate SNPs (all three genotypes observed in sequences) are

considered, density in the consensus sequence was 0.0017 (or about one SNP per 576

bp), whereas the weighted density was 0.0020 (or about one SNP per 492 bp).

Only nucleotide sites where all three genotypes were observed in the sequence

data were considered as candidates for assay development. There were 228 of these

putative SNPs present in the sequence data, with from one to seven present per gene,

and sites in 112 genes also met the criteria for TaqMan assay design (SNP more than

40bp from either end of the sequence, with no additional variation or ambiguous sites

within two bp of the target SNP). Fifteen of the original assays failed to produce reliable

genotype data in the validation populations, which was defined as: no signal (all plots

at the origin), a single cloud of plots with no distinct clusters, more than three clusters,

or no heterozygote but both homozygote clusters within a population. For ten of the

assays that failed, there were other variable sites in the genes in which they were located

that met both the ascertainment and the assay design criteria. However, only five of

these redesigned assays produced reliable genotypes. In addition, one of the assays that

initially failed, produced reliable results with a manual assay redesign, for a grand total

of 103 validated assays from the EST sequencing effort. In the small, secondary discovery

effort, a total of 14 polymorphic sites, in 11 candidate genes, met the ascertainment

and assay design criteria, and all yielded reliable genotype data. Multiple SNPs were
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designed for the Aldolase and NAML genes. For the final 113 gene regions that contain

the 117 validated assays, consensus sequences that indicate all of the observed nucleotide

variation from the ascertainment sample were compiled and submitted to Genbank

dbGSS (Accession Nos. HR308668-HR308783), while targeted SNP loci were uploaded

to the NCBI dbSNP database (Accession Nos. 275518685-275518802; Table 1.2).
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All TaqMan assays were then used to genotype 337 fish from five major salmon

stocks representing the Sacramento (Central Valley), Klamath and Columbia Rivers.

A summary of the population genetic variability of the 117 validated assays can be

found in Table 1.3. Mean MAF for all of the variable loci ranged from 0.194 in the

Klamath/Trinity basin to 0.236 in the Feather River Spring-run stock. MAFs for in-

dividual loci in these five populations ranged from to 0.005 to 0.500. The proportion

of polymorphic loci was nearly 90% in all populations and ranged from 90.6% in the

lower Columbia stock to 86.3% in the Butte Creek Spring-run population. Thirty of the

117 loci were monomorphic in at least one population and four loci (Ots 102195-157,

Ots 107220-70, Ots 117138-545, and Ots 123205-61) were not variable in any of the

samples from the five populations/stocks. They are reported here, however, because ei-

ther the ascertainment sequence data or additional genotype data (not shown) indicate

these markers are variable in the species and may be useful in other parts of the range.

Expected (unbiased) heterozygosity (HE) for each variable locus ranged from 0.01 to

0.51 (mean = 0.33), while observed heterozygosity (HO) ranged from 0.01 to 0.68 (mean

= 0.33). Mean HE was similar in all populations, ranging from 0.27 (Klamath) to 0.31

(Feather River and lower Columbia), and mean HO followed the same pattern, ranging

from 0.26 (Butte Creek) to 0.31 (Feather River). Overall FST for the individual loci and

all five populations ranged from 0 to 0.592 and averaged 0.107 for all loci, indicating

substantial differentiation in allele frequencies. Almost all loci were in Hardy Wein-

berg equilibrium in all populations; only two loci (Ots 127760-569 and Ots 109243-285)

deviated from equilibrium in one and two populations, respectively (Table 1.3).
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While full annotation of these gene fragments is beyond the scope of the present

study, preliminary BLAST (Basic Local Alignment Search Tool, NCBI) results and an-

notation of the target SNP appear in Table 1.4. Note that we have included annotation

not just for the loci described here (Reference 1), but also for an additional 24 loci

(References 2, 3, 4 and unpublished) that are part of the final genotyping panel de-

scribed in Chapter 2. To determine whether the target variation was in an intron or

an exon, we aligned the genomic sequence from our Sanger sequencing effort with the

EST sequence from which initial primers were designed. Over all 141 loci, 81 SNPs were

found in exons while 48 SNPs were found in introns. For 12 loci, EST sequence was

unavailable or gene annotation was insufficient to determine intron/exon boundaries.

BLAST results revealed identity with a known gene or genomic fragment for 92 loci

with E-values ranging from 1.2E-11 to zero (smaller numbers indicating higher simi-

larity). The target SNP was found to be in the 5’ or 3’ untranslated region (UTR) of

a gene for 25 loci, while an annotated translation (n.t.) was unavailable for 10 loci.

Introns were found in a variety of locations with respect to the described gene or gene

fragment; the introns for 24 loci were found within the coding sequence (CDS) of a gene

while other were found up or downstream of the annotated region. Two of the described

SNPs are within microsatellite (msat) repeats. Of the variation found in CDS exons,

nine were synonymous substitutions while nine represented mutations that altered the

resulting amino acid at that position (nonsynonymous); the status of the CDS SNP at

Ots AldoB4-183 could not be determined due to poor sequence homology.
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1.5 Discussion

We describe a large set of new genetic resources for Chinook salmon, one of the

worlds most economically important fish species and a major component of north Pacific

ocean fisheries. A large EST sequencing effort was undertaken that evaluated variation

in 225 gene fragments, and in over 131 kb of genomic sequence, in an average of 16

individual salmon each. The resulting 117 SNP assays that were successfully validated

in Chinook salmon were broadly polymorphic and had substantial power for biological

inference. This effort more than doubles the number of published SNP assays available

for this species. Applications for these markers include genetic stock identification (GSI)

for mixed fishery and ecological applications, individual identification, linkage mapping

and pedigree construction.

GSI is becoming a major component of salmon fishery management, with

mixed ocean and inland fisheries being evaluated with molecular markers in all Pacific

salmon species. GSI requires markers with frequency differences between populations

in a reference baseline database (Seeb et al. 2007). The 117 SNPs described here have a

mean estimated FST of 0.107 for the five Chinook salmon stocks evaluated here, which

represent the three largest river systems in the coterminous United States: the Sacra-

mento, Klamath and Columbia Rivers. Pairwise FST values for individual loci ranged

from 0 to 0.592, indicating that some of these loci are subject to dramatically different

evolutionary forces than others. Since a substantial fraction of these novel SNPs are

located within coding regions of genes, it is possible that some of the polymorphisms

41



targeted by our assays are directly influenced by natural selection. More likely is that

a number of these markers are located in genomic regions that have been affected by

recent natural selection and the allele frequency differences are the result of hitchhiking

effects (Barton 2000). Regardless, the substantial allele frequency differences between

populations present at many of these SNP loci indicate that they will be very use-

ful for stock discrimination, exceeding microsatellite loci in discriminatory power when

weighted by the total number of alleles. Initial analyses (data not shown) indicate that

by selecting the best set of 96 loci, which is convenient for our genotyping platform, from

this and other published markers (Smith et al. 2005b; Campbell et al. 2008), assign-

ment accuracy for GSI is as good or better with 96 SNPs than with the 13 standardized

microsatellites currently in use (Seeb et al. 2007), for Chinook salmon ocean fishery

mixtures south of the Columbia River basin.

Pedigree reconstruction, in the form of large-scale parentage inference, has been

proposed as an alternative to physical tags for salmonids and other fishes (Hankin et al.

2005; Garza and Anderson 2007). This method, termed parentage-based tagging (PBT),

involves genotyping reproducing individuals and using their genotypes as intergenera-

tional genetic tags that are recovered through parentage inference with their progeny.

PBT has some distinct advantages over traditional large-scale tagging programs such as

coded-wire tags, including 1) individual-specific tag recoveries, 2) no tagging or handling

of juvenile fish, with their associated very low recovery rates (<2 recoveries per 1000

tags in Chinook salmon; Hankin et al. 2005), 3) fish can be non-lethally sampled during

seaward migration, in fisheries, and upon return to spawn, and 4) valuable corollary
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data in the form of a large number of pedigrees (Garza and Anderson 2007). Over time,

some of these pedigrees will become extensive and can serve as the basis for detailed

linkage maps and associated mapping of quantitative trait loci (Boulding et al. 2008;

Moen et al. 2008; Pemberton 2008). Goverment agencies have traditionally mitigated

the terrestrial and aquatic ecosystem impacts responsible for salmonid population de-

clines with production of fish in hatcheries and subsequent population supplementation.

Millions of Chinook salmon originate in hatcheries each year and they are the majority

of fish in some populations (Barnett-Johnson et al. 2007). Such genetic tagging, and

the analysis of the associated pedigrees, could have considerable importance in under-

standing the effects of hatchery practices on life history parameters and fitness, since

the entire production can be tracked by simply collecting genotypes from all broodstock

at spawning.

PBT involves the identification of true parents from among very large sets of

potential parents, which in turn requires the accurate evaluation of exceedingly small

error rates to avoid biologically important rates of false positive pedigree reconstruction.

Anderson and Garza (2006) describe novel importance sampling methods for estimating

such probabilities and demonstrated that PBT can be used to accurately reconstruct

parent/offspring trios in salmon using 80-100 SNP markers with a mean MAF of 0.20.

The top 96 SNP loci described here have mean MAF of 0.22 (Klamath) to 0.28 (Feather)

in the five focal populations, and the inclusion of other published SNP markers in an

optimal set of 96 loci increases mean MAF even further for all populations (data not

shown). With pedigree-based inference, minimizing genotyping errors is also critical,
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since they can cause apparent Mendelian incompatibilities. The lower genotyping error

and mutation rates of SNP markers combine to make them the preferred type of marker

for the large scale data generation and parentage analyses necessary to implement PBT

(Anderson and Garza 2006; Garza and Anderson 2007). Microsatellite markers are still

useful for both GSI and small-scale pedigree reconstruction, particularly for inferring

non-parent/offspring relationships, but the reduced staff time and other costs associated

with SNP genotype generation, as well as the portability of SNP data, led Hankin et

al. (2005) to recommend a transition to SNP markers for multilateral, collaborative

research and management of Pacific salmon ocean fisheries.

The MAF requirements for SNP loci in GSI and PBT applications are dif-

ferent. GSI requires frequency differences between populations, which are maximized

when loci are fixed for alternative alleles in different populations or lineages. In con-

trast, power for PBT is entirely dependent upon the mean MAF of the set of SNP loci

employed, which is maximized when all loci have two alleles at equal frequency in the

focal population. With our balanced ascertainment panel, we were able to discover a set

of SNP loci with both MAFs in our focal California populations that exceed those nec-

essary for PBT applications (Anderson and Garza 2006) and also with sufficient allele

frequency differences to have high power with GSI. The eventual combination of GSI

and PBT analyses on the same genotypic data in a single analytical framework will be

a major advance in genetic tagging methodology. With such an integrated GSI/PBT

system, all fish genotyped with the same set of markers will yield biological inference,

either individual identification when parents are sampled (or a fish is recaptured), or

44



population assignment using a baseline reference database if they are not directly linked

to other sampled individuals in a pedigree.

Our discovery effort employed a balanced ascertainment approach, which in-

cluded an ascertainment sample with representatives of a number of Chinook salmon

lineages, and a design criterion that targeted all loci with sufficient variation and gener-

ally did not discriminate on the basis of the population in which the variation was found.

This strategy led to a set of loci that were similarly variable in all of the populations for

which validation was pursued. The inclusion of fish in the ascertainment and validation

samples that display variation in migration (yearling and sub-yearling outmigrants) and

maturation strategies (fall-run and spring-run types), may also provide additional power

for the discrimination of fish from stocks that are differentiated primarily due to these

life history strategies (e.g. Central Valley-Fall vs. Central Valley-Spring). Nevertheless,

these markers are an upwardly biased sample of the SNP MAF spectrum in the ascer-

tainment populations, because of the three genotypes design criterion, and rare SNP

alleles are underrepresented.

It is also important to note that our five validation populations are part of only

one of the major lineages of Chinook salmon (Waples et al. 2004; Seeb et al. 2007), with

the species extending across the North Pacific rim to Asia, and extensive differentiation

throughout the range. However, the ascertainment sample also included representatives

of populations from British Columbia lineages, so the SNP markers described here

should be more broadly useful in the southeastern part of the species range. Still, these

markers are expected to overestimate the mean MAF and proportion of polymorphic
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loci in populations that are not part of the lineages in the ascertainment sample. Bias

corrections can be used to better approximate marker polymorphism and differentiation

for phylogenetically distance populations (Clark et al. 2005; Albrechtsen et al. 2010),

but ultimately more SNP markers will need to be ascertained for applications in these

Chinook salmon lineages.

Next-generation sequencing (NGS; pyrosequencing, single base extension) is

a potentially powerful method for discovering SNPs and other genomic variation. In-

deed, NGS is unparalleled for the identification of many potential candidate markers

rapidly and at minimal expense. However, when genomic resources and sequence data

for a target species exist, the most important components of SNP discovery become

1) validation of observed substitutions as true SNPs and not artifacts, 2) choosing an

optimal set of polymorphisms for downstream applications using MAF and linkage cri-

teria, and 3) avoiding ascertainment bias. In highly structured species, such as most

salmonid fishes, it is critical to obtain sequence data from the same genomic regions in a

diverse sample of individuals to minimize ascertainment bias. There is abundant exist-

ing genomic sequence in Oncorhynchus species for SNP discovery, we investigated only

about 500 of the nearly 100K EST sequences in the O. mykiss Gene Index (and many

of the Salmo salar Gene Index ESTs are likely informative as well), and about 80% of

all the gene fragments we investigated had observed substitutions. Since it is easier to

ensure identical genomic coverage across individuals with traditional Sanger sequencing

than with NGS, and candidate SNPs discovered with NGS are typically resequenced in

ascertainment panels prior to assay development anyway, it may be more economical
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to employ traditional sequencing strategies to develop additional markers for popula-

tion genetic applications in other parts of the Chinook salmon range. In contrast, the

genomic needs for other applications, such as construction of microarray, linkage and

physical maps, are likely to be best met with NGS strategies.
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Chapter 2

Evaluation of a SNP baseline for genetic

stock identification of Chinook salmon

(Oncorhynchus tshawytscha) in the

California Current Large Marine

Ecosystem1

2.1 Abstract

Chinook salmon from the West Coast of North America are an economically

and ecologically important species and a major component of North Pacific Ocean fish-

eries. Their anadromous life history strategy generates populations (or stocks) that are

1accepted with revisions, resubmitted, awaiting editorial approval: Clemento, A.J., E.D. Crandall,
J.C. Garza and E.C. Anderson, Fishery Bulletin, 2014
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frequently genetically differentiated from one another, although not visually discern-

able. In many cases, it is desirable to discern the stock of origin of an individual fish

or the stock composition of a mixed sample to monitor stock-specific impacts and alter

management accordingly. Genetic stock identification (GSI) provides such discrimina-

tion and we describe here a novel GSI baseline composed of genotypes from over 8,000

individual fish from 69 distinct populations at 96 single nucleotide polymorphism (SNP)

loci. The populations included in the baseline represent the likely sources for over 99%

of the fish encountered in ocean salmon fisheries off California and Oregon. This new

genetic baseline permits GSI using rapid and cost effective SNP genotyping, and power

analyses indicate that it has near maximum power for discriminating most Chinook

salmon stocks to the level of resolution needed for fishery management by the Pacific

Fishery Management Council. In an ocean fishery sample, GSI assignments of over 1000

fish, using our baseline, were highly concordant (∼99%) at the reporting unit level to

identifications from the physical coded wire tags recovered from the same fish. This

SNP baseline represents an important advance in the technologies available for fishery

management and ecological investigation of Chinook salmon at the southern end of their

geographic range.
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2.3 Introduction

Chinook salmon (Oncorhynchus tshawytscha) are found in rivers from central

California around the North Pacific Rim to Russia (as well as those draining into the

Bering Sea), and are the target of valuable commercial and recreational fisheries. A key

component of the Chinook salmon life history is natal homing, whereby these anadro-

mous fish typically return to spawn in the same river in which they were born. This

homing generates populations (or stocks) that may be genetically differentiated from

neighboring populations and can exhibit local adaption (Utter 1989, Taylor 1991). Re-

cent population declines, particularly at the southern end of the species native range

where many stocks are listed under the US Endangered Species Act (ESA; Federal

Register 1990, 1999), have highlighted the need to refine the management and con-

servation of Chinook salmon. However, such refinements are challenging, because the

migratory life history of salmon means that the many anthropogenic impacts occurring

in rivers or in the ocean (e.g. fisheries, water diversion, or turbine entrainment) may

affect multiple, intermingled stocks. In such cases, it may be necessary to discern the

stock of origin of affected fish to monitor stock-specific impacts and design management

strategies accordingly.

The use of pre-existing biological markers to distinguish salmon stocks has a

long history. The traits used in these efforts have included morphometric and meristic

characters (Fournier et al. 1984, Claytor and MacCrimmon 1987), scale patterns (Cook,

1982), parasite assemblages (Boyce 1985), and stable isotope ratios (Barnett-Johnson
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et al. 2008). However, the most universally applicable methods have involved the use

of genetic markers, since every fish has a unique genetic makeup. The first genetic

markers widely used for identification in salmon were electrophoretically detectable

protein polymorphisms known as allozymes (Milner et al. 1985, Shaklee and Phelps 1990,

Tessier et al. 1995, Allendorf and Seeb 2000). With the advent of the polymerase chain

reaction (PCR), many more types of genetic markers became available to discriminate

salmon populations, including mitochondrial DNA polymorphisms (Cronin et al. 1993),

minisatellites (Beacham et al. 1996, Miller et al. 1996), microsatellites (Seeb et al. 2007,

Moran et al. 2013), amplified fragment length polymorphisms (Flannery et al. 2007)

and, most recently, single nucleotide polymorphisms (SNPs; Smith et al. 2005a, Smith

et al. 2005b, Aguilar and Garza 2008, Narum et al. 2008, Abad́ıa-Cardoso et al. 2011,

Clemento et al. 2011).

Genetic stock identification (GSI) typically proceeds in two steps. First, sam-

ples are collected from potential source populations and genotyped with a set of genetic

markers in order to estimate population allele frequencies. These genotypes are called

the baseline. Then, data from individuals sampled from a mixed-stock collection (a mix-

ture) and genotyped with the same set of genetic markers are compared to the baseline

to estimate the relative proportions of individuals from each of the represented source

populations. Single individuals of unknown origin can also be assigned to specific pop-

ulations. GSI inference is typically carried out using maximum likelihood or Bayesian

methods (Smouse et al. 1990, Pella and Masuda 2000).

The first large-scale baseline for GSI of Chinook salmon utilized allozyme mark-
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ers (Teel et al. 1999), but technical and logistical issues limited their future appeal. The

allozyme database was supplanted in Canada by a microsatellite baseline developed by

the Department of Fisheries and Oceans (Beacham et al. 2006), and more broadly by a

microsatellite baseline database developed through a large, international collaboration

(Seeb et al. 2007). This collaboration required enormous effort to standardize data

across labs, as microsatellite allele names and sizes are not usually consistent between

different labs and genotyping equipment. The Seeb et al. (2007) microsatellite base-

line has been an effective tool for GSI but has a number of disadvantages: genotyping

and scoring of microsatellites is labor-intensive; genotyping error rates can be relatively

high, making the 13 microsatellites in that baseline inadequate for applications such as

pedigree reconstruction (Anderson and Garza 2006, Garza and Anderson 2007, Abad́ıa-

Cardoso et al. 2013); missing data rates can also be quite high; and, finally, any new

laboratory that wishes to use the baseline must undertake a costly standardization pro-

cess. Additionally, it has now been demonstrated that SNPs, despite typically having

only two alleles per-locus, do have sufficient power to be successfully employed in a GSI

context with a modest number of genetic markers (Smith et al. 2007, Narum et al. 2008,

Templin et al. 2011, Larson et al. 2013).

Early simulation studies suggested that the biallelic nature of SNPs would

make them less useful than highly polymorphic microsatellites for population discrimi-

nation (Bernatchez and Duchesne 2000, Kalinowski 2004). However, SNPs are located

throughout the genome and may be discovered in genetic regions with higher than av-

erage divergence (Nosil et al. 2009), increasing their utility for GSI. Moreover, SNPs do
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not suffer from many of the disadvantages of microsatellites: SNP markers are amenable

to the automated, high-throughput genotyping required for large projects; SNP geno-

typing error rates are very low, making them suitable for pedigree reconstruction; and,

importantly, SNP assays do not typically require standardization between labs, so a

SNP baseline is immediately useful to any group or agency that genotypes a mixture

sample with the markers used in the baseline (Seeb et al. 2011).

Here, we describe the development and evaluation of a new baseline of SNP

marker data for Chinook salmon in the southern part of their native range for use in

ecological investigation in the California Current Large Marine Ecosystem (and its trib-

utaries) and in fisheries managed by the Pacific Fishery Management Council (PFMC).

We introduce a panel of 96 SNP markers and a baseline of nearly 8,000 salmon from 68

Chinook salmon populations ranging from California to Alaska. We describe the proce-

dures used to select these SNP markers from amongst a larger number of candidates and

document the resulting patterns of genetic differentiation between various populations.

We evaluate the power of the new baseline for GSI by both self-assignment and simu-

lated mixture analyses, focusing on stocks commonly encountered in PFMC fisheries.

Finally, we analyze 2,090 fish sampled in 2010 from the sport and commercial fisheries

off the coast of California and compare the results of these analyses to the coded wire

tag (CWT) data from these fish to demonstrate the effectiveness of the baseline for

classifying individuals to specific management units.
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2.4 Methods

2.4.1 Baseline Populations

Populations were selected for inclusion in the baseline to provide broad geo-

graphic coverage across the range of Chinook salmon in the coterminous United States,

from Washington to California, while also allowing for the identification of fish from else-

where in the species’ geographic range. Adult fish were sampled on spawning grounds,

in terminal fisheries or at hatcheries over the last decade and were provided by numerous

contributors (see Acknowledgments and Warheit et al. 2013). We included populations

expected to be encountered in ocean fisheries off California and Oregon, as well as

populations with special management status (e.g. ESA-listed). Accordingly, the major

lineages of Chinook from California and Oregon are emphasized in the baseline, as were

populations distinguished by life history strategy (spring-run, fall-run, winter-run, etc.),

but representatives of the major lineages from further north were also included. DNA

was extracted from samples for California populations using DNEasy Blood and Tissue

kits on a BioRobot3000 (QIAGEN, Inc., Valencia, CA) according to the manufacturers

protocols, while DNA from populations in Oregon, Washington, Canada and Alaska was

extracted by the contributors (see Acknowledgments) using various methods. Sample

sizes ranged from 44 to 1409 individuals per population and averaged 116. The 1409

fish from the Trinity River Hatchery were initially genotyped with our SNP panel for

another purpose, but were included here in total to provide a comprehensive reference

sample for identifying this important group. Excluding this disproportionately large
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sample, the average number of individuals per population was 97. In total, the baseline

includes 7,984 Chinook salmon from 68 distinct populations (Table 2.1).

Each population in the baseline belongs to a single reporting unit, a designation

established in previous GSI work that reflects a combination of “genetic similarity,

geographic features and management applications” (Seeb et al. 2007). Reporting units

are generally composed of multiple populations that share genetic similarity or are

subject to similar management regimes. The 68 Chinook salmon populations in our

baseline fall into 38 distinct reporting units (Table 2.1) and some reporting units in

Alaska and Canada are represented by only a single population.

Coho salmon (Oncorhynchus kisutch) are occasionally misidentified as Chinook

salmon in ocean fisheries and in ecological sampling. We included a collection of 47 coho

salmon from California as the 69th population in the baseline to assist in identifying

coho salmon that have been incorrectly identified as Chinook salmon.
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2.4.2 Markers and Genotyping

We compiled 192 Taqman c© (Life Technologies Corporation, Carlsbad, CA), or

5’ nuclease, SNP genotyping assays from previously published discovery efforts (Smith et

al. 2005a, 2005b; Campbell and Narum 2008; Narum et al. 2008; Clemento et al. 2011)

to test their scorability and power for GSI. Taqman c© technology combines standard

PCR primers targeting the genomic region around a SNP with two different fluorescent

probes that identify the two nucleotide bases present at the SNP. Per the manufacturers

recommendation, a multiplex pre-amplification reaction was used to increase the copy

number of targeted genomic regions. Multiplex PCR products were diluted with 15µL

of 2mM Tris and frozen. Samples were then genotyped on 96.96 Dynamic Genotyping

ArraysTM using an EP-1 genotyping system (Fluidigm Corporation, South San Fran-

cisco, CA) according to the manufacturers protocols. Fluidigm Dynamic Arrays use

integrated fluidic circuitry and PCR volumes of ∼9nL to simultaneously determine the

genotype at 96 SNP loci for 96 samples (two of which are no-DNA template controls).

Genotypes were determined using the Fluidigm SNP Genotyping Analysis Software

(version 2.1.1). Genotype determination using quantitative PCR methods involves dis-

cerning, on a two dimensional graph, clusters of the fluorescence intensity of the probes

for the two alleles; the two homozygote clusters have fluorescence primarily from only

one probe, while a heterozygote cluster has similar intensities from both.
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2.4.3 Marker Selection

A panel of 95 SNP markers was selected from amongst the 192 candidates,

reserving one marker for a species identification assay (see below). The risk of high

grading bias (i.e. wrongly inflating the apparent resolving power of a group of loci for

GSI) is particularly great when selecting a panel of markers to distinguish between

populations that are closely related, as are many in our baseline. To avoid high grading

bias, we employed the Training-Holdout-Leave-One-Out (THL) procedure of Anderson

(2010), which requires that the data be split into training and holdout sets. Training-

set genotypes are used to select the loci included in the baseline and can be included

in the eventual baseline, but they are not used to evaluate its performance. Rather,

performance of the baseline is determined with simulation and self-assignment using

only the holdout set, which was not used in any way to select the baseline loci. We

chose a training set of 372 individuals drawn from 22 populations (14 from California,

three from Oregon, three from Washington, one from British Columbia and one from

Alaska) for initial genotyping with all 192 loci.

For each locus, k, the observed relative frequencies, pik and qik, of the two SNP

alleles were calculated for each population, i, in the training set. These values were then

used to compute the expected probability of misassignment, P(Misijk), between every

pair of populations i and j using only a single locus i:

P(Misijk) = 0.5 [ δ(pik≤pjk)pik
2 + δ(pikqik≤pjkqjk)2pikqik + δ(qik ≤qjk)qik

2 +

δ(pik≥pjk)pjk
2 + δ(pikqik≥pjkqjk)2pjkqjk + δ(qik ≥qjk)qjk

2]
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for all k, where δ(x) = 1 if the condition x is true and 0 otherwise. The values of P(Misijk)

were used to rank the loci for their suitability for resolving between populations i and j

in GSI; lower P(Misijk) implies better resolving power.

The rankings obtained from P(Misijk) were combined with other criteria in a

non-automated process to select the final panel of loci (Table 2.2). Each SNP assay was

evaluated for scorability and evidence of Hardy-Weinberg (H-W) or linkage disequilib-

rium. Assays with overly dispersed clusters, more than three clusters, or inadequate

spacing between clusters were excluded. Loci with significant deviations from equi-

librium expectations were also removed. SNPs with large allele frequency differences

between populations are particularly effective for GSI, while SNPs with high minor al-

lele frequencies (MAFs) are most useful for parentage analysis (Anderson and Garza

2006). The remaining 168 loci were then ranked by their MAFs in hatchery populations

to be included in pedigree reconstruction studies (see Discussion). Previous simulations

indicated that about 100 loci with a MAF greater than 0.2 would be required to achieve

the necessary statistical power to assign parentage with sufficiently low false-negative

and false-positive rates (Anderson and Garza 2006). However, the observed MAFs for

many loci were in fact greater than 0.2 (and as high as 0.5), meaning that the desired

statistical power could be achieved with fewer loci. We therefore selected the 70 loci

with the highest MAF in the Feather River population, the primary target for subse-

quent parentage investigations. The P(Misijk) rankings were then utilized to select 25

additional loci that were useful for distinguishing between difficult-to-resolve popula-

tions and reporting units. Finally, an assay to discriminate between Chinook and coho
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salmon was included as the 96th assay for the 96.96 genotyping arrays.
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2.4.4 Population Genetics Analyses

The 7669 samples that were not in the training set for locus selection were

genotyped with the final panel of 96 SNPs and used as the holdout set in subsequent

power analyses (see next section). This holdout set was also used for standard pop-

ulation genetics analyses. We tested each locus-population pair for deviations from

H-W equilibrium using the complete enumeration method (Louis and Dempster 1987)

in GENEPOP vers. 4.0 (Rousset 2008). Similarly, in each population, all pairwise locus

combinations were investigated for linkage disequilibrium (LD). Default Markov chain

parameters were used, except for the number of batches which was increased to 500 to

reduce the standard error to acceptable levels (< 0.02; Rousset 2008).

FST was estimated (with θ of Weir and Cockerham 1984) between all pairs

of populations using the software package GENETIX vers. 4.05 (Belkhir 1996-2004).

The dataset was permuted 1000 times to determine the significance of FST estimates.

Phylogeographic trees were constructed with Cavalli-Sforza and Edwards’ (1967) chord

distance (DCE) and the neighbor-joining algorithm in PHYLIP vers. 3.69 (Felsenstein

2005) and were visualized with DENDROSCOPE (Huson et al. 2007). Majority-rule

consensus values were calculated from 10,000 bootstrap samples of the data using the

PHYLIP component CONSENSE. The FST values and genetic distances computed

should provide an inflated estimate of the isolation between populations because the

SNP loci used in the analysis are not a random sample from the genome, as some

were chosen for their power in resolving population pairs in our baseline. Nonetheless,
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these estimates are useful for assessing the relative genetic differentiation among these

populations.

2.4.5 Power Analyses

Three different methods were used to assess the power of the SNP baseline for

GSI. First, we performed a self-assignment analysis, and subsequently generated and

analyzed simulated mixtures using two different procedures.

In self-assignment, allele frequencies for each potential source population are

estimated from the samples. Then, for each individual, the probability of its genotype

occurring in each population (assuming H-W and linkage equilibria) is calculated, and

the individual is assigned to the population for which its genotype probability is high-

est. We used the likelihood method of Rannala and Mountain (1997), implemented in

the software GSI SIM (Anderson et al. 2008), to compute the genotype probabilities,

employing a leave-one-out procedure that excludes the gene copies of the individual

being assigned and recalculates population allele frequencies prior to assignment. Anal-

ogous to the THL procedure of Anderson (2010), both the training and holdout sets

were included for estimating population allele frequencies. However, assignments of the

training set individuals were excluded from the results to avoid any high-grading bias

of assignment accuracy (Anderson 2010).

Analysis of simulated mixed fisheries is a common method for evaluating the

resolving power of a baseline for stock identification (Fournier et al. 1984, Wood et al.

1987, Kalinowski 2004, Beacham et al. 2006). In many studies, samples from simulated
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fisheries consisting entirely of fish from one population are analyzed; so called 100%

simulations. However, such simulations do not typically assess how well the baseline

will perform on samples from fisheries that exploit more than one stock. Therefore, we

conducted simulations using 20 different mixing proportion vectors, the population com-

position of which was constructed by using the baseline to estimate mixing proportions

from one of 20 different month-by-area strata from GSI data collected from commercial

fisheries off the coast of California and Oregon in 2010 and 2011 (E. Crandall et al. un-

publ. data). These vectors reflect mixing proportions we expect to encounter in PFMC

fisheries. For a given value of the mixing proportion vector of all populations, a replicate

simulation consisted of: 1) simulating the number of fish from each population in a sam-

ple size of 200 by drawing a multinomial random variable with cell probabilities equal

to the mixing proportion vector; 2) simulating the genotypes of the individuals from

each population in the mixture sample using two different techniques (cross-validation

over gene copies [CV-GC] and K-fold cross-validation [K-Fold], see below); 3) calcu-

lating the maximum likelihood estimator (MLE) of the mixture proportions for all the

populations from the simulated sample using the baseline, which contains all training

and holdout individuals; and 4) estimating the mixing proportion of each reporting unit

by summing the mixing proportion estimates of its constituent populations. For each of

the 20 values of the mixing proportion vectors, 20,000 replicates were conducted using

CV-GC, while 1,000 replicates were conducted using K-Fold. For both methods, the 5%

and 95% quantiles of the distribution of the MLE of reporting unit proportions were

calculated from the replicates for each mixing proportion vector.
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Simulations were undertaken in two different ways. With CV-GC, genotypes

were simulated by randomly sampling gene copies from the holdout set (to avoid high-

grading bias) and those same gene copies were removed from the baseline when calcu-

lating the likelihood of population origin for the simulated individual (see Anderson et

al. 2008). With K-fold, genotypes were simulated by drawing entire individuals without

replacement (jackknife) from the holdout set to form the mixture sample. Those sam-

pled individuals were not included in the baseline, but all unsampled individuals from

the holdout set were included in the baseline for estimating the mixing proportions.

2.4.6 Mixed Fishery Samples

Samples from 2,090 salmon landed in fisheries in 2010 were collected by the

California Department of Fish and Game (CDFG) at California ports. Just over half

of these fish carried coded wire tags (CWTs) that identified their population of origin.

All samples were genotyped with our panel of 96 loci. Individuals successfully geno-

typed at fewer than 60 loci were removed from further analysis. Failed genotypes were

ones that either clustered with negative controls during scoring or fell outside of defined

heterozygote and homozygote clusters, likely indicating sample contamination (Smith

et al. 2011, Larson et al. 2013). We also used an individual heterozygosity (iHz; the

proportion of heterozygous loci for each fish) criterion of iHz > 0.56 to identify and

exclude samples potentially contaminated by DNA from other samples. Simulations

of contaminated genotypes using observed allele frequencies indicated little overlap in

the distribution of iHz for contaminated and uncontaminated samples (data not shown)

69



and that uncontaminated samples rarely had iHz > 0.56. We used the maximum likeli-

hood framework in GSI SIM to estimate the mixing proportion of different populations

amongst the 2,090 fish, and then used that MLE as the prior for calculating the posterior

probability of population of origin for each fish. Posterior probabilities of originating

from different reporting units were obtained by summing the population-specific prob-

abilities over all populations in a reporting unit. Individuals were then assigned to the

reporting unit with the highest posterior probability.

Since all fish will be assigned to a maximum a posteriori (MAP) population

regardless of true origin, we employed a simulation method similar to that in Cornuet et

al. (1999), but modified to account for missing data, to detect fish that might originate

from a population that is not in the baseline, or has an otherwise aberrant genotype.

Briefly, for each fish from the fishery assigned to a population, the allele frequencies

from the MAP population were used to simulate 10,000 genotypes with an identical

pattern of missing data (if any) as the fish that was assigned. The log-probability of

each simulated genotype was computed, given that it came from the population it was

simulated from, and then the distribution of those values was compared to the log-

probability, La, of the actual assigned fishs genotype, given the allele frequencies in the

MAP population, on the basis of a z-score (La minus the mean of the simulated values,

all divided by the standard deviation of the simulated values). The z-score calculation

is done conditional on the exact pattern of missing data and is implemented in the C

programming language as part of the GSI SIM software. A low-confidence assignment

was defined to be one that had a z-score < -3.0 and either a reporting unit posterior
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probability less than 0.9 or fewer than 90 loci successfully genotyped. Fish with low

confidence assignments were left in an unassigned category.

2.5 Results

2.5.1 Genotyping and Basic Population Genetics

We successfully genotyped 8,031 samples from 69 populations for the baseline

and submitted the data to the Dryad Digital Repository (http://www.datadryad.org).

All individuals were retained in the baseline, regardless of missing data, as we desired

a realistic representation of missing data patterns for subsequent power analyses. One

locus failed to amplify entirely in the Copper River population, while three loci failed in

the coho salmon sample. Unbiased estimates of heterozygosity (Nei 1978) ranged from

0.194 in the Snake River-Rapid River Hatchery stock to 0.381 in the Smith River popu-

lation. The coho salmon in the baseline had very low heterozygosity (0.094). Observed

heterozygosity and mean number of alleles were generally lower for populations from

north of the Columbia River (Table 2.1), likely due to ascertainment bias. Significant

deviations from HWE (P < 0.0001) were observed at various loci in 17 populations, but

represented < 0.3% of all observations. Only the Butte Creek spring-run, Trinity River

Hatchery spring-run and Smith River populations were not in HWE at more than two

loci, with five, five and four significant tests, respectively. Similarly, only three loci de-

viated from HWE in more than two populations: Ots u07 07.161 in three populations,

Ots 111312-435 in six and Ots 111666-408 in four. Only one population (Trinity River
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Hatchery spring-run) displayed significant LD (P < 0.001) at more than 1% of locus

comparisons (1.14%) and, over all populations, the percentage of significant compar-

isons was 0.16%. Only two locus pairs were significant in more than five populations:

Ots AldB1-122 and Ots AldoB4-183, known to be in same gene complex, were in LD in

42 populations, while Ots Myc-366 and Ots unk-526 displayed LD in eight populations.

A large range in the degree of differentiation between populations was observed

(Table 2.1). Mean FST across all populations (excluding coho salmon) was 0.183, indi-

cating that approximately 18% of genetic variation was partitioned between population

samples. Within reporting units containing more than one population (n = 18), pairwise

FST was between 0.000 and 0.152 with a mean value of 0.018. Ten pairwise comparisons,

all within reporting units, were not significantly different from zero (P < 0.01). Between

reporting units, FST values ranged from 0.005 to 0.411 with a mean value of 0.188. The

least differentiated populations were the fall-run populations from California’s Central

Valley, as has been observed with other genetic datasets (Williamson and May 2005;

Seeb et al. 2007).

Genetic structuring of the Chinook salmon populations in the baseline is dis-

played in an unrooted neighbor-joining dendrogram (Figure 2.1). Relationships are in

strong agreement with expectations based on geography and previous studies (Waples

et al. 2004, Beacham et al. 2006, Templin et al. 2011, Moran et al. 2013); populations

are generally organized north to south along the main branch, with populations from

within the same drainage usually clustering together. Populations from California’s

Central Valley are monophyletic relative to the remainder of the populations but are
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characterized by short branch lengths, small distances between nodes and low bootstrap

support. Central Valley spring-run and fall-run populations are also monophyletic, with

the exception of the Feather River Hatchery spring-run, which is included in the fall-run

reporting unit due to a history of substantial introgression between the runs and the

consequent difficulty of genetically distinguishing them from fall-run fish (Garza et al.

2008). Sacramento River winter-run fish are quite distinct due to a well-documented

recent bottleneck (Hedrick et al. 1995), and have one of the longest branches on the tree,

with bootstrap support of 100%. Rivers from Northern California and coastal Oregon

also form a monophyletic group. Columbia River populations are dispersed throughout

the tree, although populations from the same reporting unit generally share a common

branch, as do populations from Alaska.
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2.5.2 Assignment and Mixture Estimation Accuracy

The 7,669 individuals remaining after removal of training set fish were sub-

jected to self-assignment using GSI SIM (Table 2.1). Correct assignment to popula-

tion ranged from 13% for Butte Creek fall-run to 100% for five different populations.

The reporting units with the lowest correct assignment rates to population were the

Central Valley fall-run, Upper Columbia River summer-/fall-run and Lower Kuskok-

wim/Western AK, averaging 28%, 36% and 40% respectively. The lowest rate of cor-

rect assignment to reporting unit was for the Siuslaw River population from the Mid

Oregon Coast, with over half of the individuals assigning to populations in the North

Oregon Coast reporting unit. The largest change in correct assignment percentage from

population to reporting unit was for the Central Valley fall-run, which increased to 91%.

The results of the mixture simulations for the eight reporting units most fre-

quently found in California and Oregon fisheries appear in Figure 2.2. Results for the

remaining reporting units are not shown, as they are relatively uninformative, due to

the rarity with which populations from north of the Columbia River are encountered at

the southern end of the California Current marine ecosystem—an observation corrobo-

rated by historical CWT data: in the three decades since 1983, only 0.5% of all CWTs

recovered from Chinook salmon in California ocean fisheries were from stocks outside

of California or Oregon (data from www.rmpc.org). Accurate estimates of the mixing

proportions were obtained for fishery samples simulated either by CV-GC or by K-Fold.

The mean maximum likelihood estimate of the proportion of each reporting unit was
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generally highly correlated with the true proportion, indicating that any bias was very

small. For five reporting units (Central Valley fall-run, Sacramento River winter-run,

Klamath River, California Coast, and Rogue River), the 5% and 95% quantiles for

reporting-unit mixing proportions corresponded closely to the quantiles one would ob-

tain with perfect identification of all fish (gray regions in Figure 2.2). The somewhat

wider GSI quantile intervals observed for the Central Valley spring-run reporting unit

were likely due to its similarity to the Central Valley fall-run reporting unit, combined

with the fact that the spring-run is typically at much lower abundance than the fall-run.

Likewise, the genetic similarity of Mid Oregon Coast and Northern California/Southern

Oregon Coast fish made it difficult to accurately estimate mixing proportions for these

reporting units; however, the estimates were still quite good and largely unbiased. Thus,

despite the enlarged quantile intervals for Central Valley spring-run and the Mid Oregon

versus Northern California reporting units, the results from both simulation methods

indicated that the SNP baseline is capable of providing estimates of the true mixing

proportions for most reporting units that are nearly as accurate as one would expect

given perfect identification of each fish.

2.5.3 Fishery Sample

Of the 2,090 samples from California fisheries in 2010, 85 were excluded be-

cause they did not yield acceptable genotypes (< 60 successfully genotyped loci), and

two samples were duplicates. Eight fish exceeded the iHz threshold of 0.56 and were

removed due to potential contamination. Seven fish were identified as coho salmon
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Figure 2.2: Estimates of mixing proportions from cross-validation over gene copies (CV-

GC) and K-Fold simulations for the eight most abundant reporting units in California

Chinook salmon fisheries. The x-axis gives the true proportion of fish from each report-

ing unit, and the y-axis gives the estimated proportion. The dashed line is the y=x

line. Shaded regions give the range between the 5% and 95% quantiles of estimates that

would be achieved with perfect assignment of fish to reporting unit; i.e., they repre-

sent the uncertainty due to the fact that fishery proportions are estimated with a finite

sample (in our simulations, a sample of 200 fish). The 5% and 95% quantiles of the

estimates using genetic data from the CV-GC and the K-Fold methods are shown with

vertical line segments and open diamonds, respectively. The mean over 20,000 CV-GC

simulation replicates and 1,000 K-Fold replicates are given by filled circles and open

triangles, respectively. These points fall along the dotted line when the estimator is

unbiased.
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Table 2.3: Genetic stock identification (GSI) results of assigning 2010 California Chi-
nook salmon fishery samples to their source populations using the single nucleotide
polymorphism baseline, and concordance with coded-wire tag (CWT) recoveries.

# from # with # GSI/CWT % GSI/CWT
Stock GSI CWT matches agreement

California Coast 30 1 0 0.00%
Central Valley fall 1581 958 957 99.90%
Central Valley spring 7 1 0 0.00%
Klamath River 108 50 49 98.00%
Lower Columbia River spring/fall 1 0 0 -
Mid Columbia River tule 7 2 2 100.00%
Mid Oregon Coast 14 1 0 0.00%
N. California S. Oregon Coast 58 25 25 100.00%
Rogue River 154 11 5 45.45%
Snake River fall 1 1 1 100.00%
Up. Columbia River summer/fall 8 2 2 100.00%
Total 1969 1052 1041 98.95%

through both GSI assignment and with the species-diagnostic assay. Another 18 sam-

ples did not meet assignment confidence criteria (mean z-score of -3.99 and a mean of

75 successfully genotyped loci) and were also excluded. For the remaining 1,969 fish,

assignment probabilities to reporting unit ranged from 36.4% to 100% (mean 98.5%)

and z-scores ranged from -4.12 to 2.68 (mean -0.04). Central Valley fall-run fish domi-

nated the stock composition, accounting for over 80% of sampled fish, followed by the

Rogue River (7.79%), the Klamath River (5.46%) and eight other stocks with less than

5% (Table 3). Of the assigned fish, 1,052 contained coded wire tags that were recov-

ered. Genetic assignment to reporting unit disagreed with CWT origin for only 11 fish

(1.05%) and, of these mismatches, six were fish with Klamath or Smith River tags that

were assigned to the genetically similar Rogue River reporting unit.
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2.6 Discussion

Here we describe one of the first large-scale SNP baselines for genetic stock

identification of Chinook salmon and the first designed for use with fisheries in the Cal-

ifornia Current Large Marine Ecosystem off the West Coast of the coterminous United

States. Chinook salmon are an economically and ecologically important species and are

a major component of North Pacific Ocean fisheries. We genotyped over 8,000 individual

fish from 69 distinct populations at 96 SNP loci to construct the baseline. The report-

ing units included in the baseline represent the likely sources for over 99% of the fish

typically encountered in PFMC fisheries off California and Oregon. Furthermore, mix-

ture analyses and self-assignment indicate that the baseline has near maximum possible

power for discriminating Chinook salmon stocks at the reporting unit level. Mixture

proportion estimates of Central Valley fall-run, Central Valley winter-run, California

Coastal, Klamath River, and Rogue River reporting units (Figure 2.2) are no more

variable than estimates that would be obtained if every fish carried an unambiguous

reporting-unit tag. Mixing proportion estimates for Central Valley spring-run, North-

ern California/Southern Oregon, and Mid-Oregon Coast reporting units are somewhat

more variable, but still appear to be nearly unbiased. In the ocean fishery sample,

assignments of over 1,000 individuals to reporting unit, using our baseline, were highly

concordant (98.95%) with the CWTs recovered from the same fish. This SNP base-

line therefore represents an important addition to the technologies available to Chinook

salmon managers and researchers.
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2.6.1 Methodological Considerations

Management of Pacific Ocean salmon fisheries off North America can be roughly

divided into three regions: California and Oregon fisheries are managed by the Pa-

cific Fishery Management Council (PFMC); fisheries in Washington, British Columbia,

Canada and southeast Alaska are subject to the international Pacific Salmon Treaty,

reported to and regulated by the Pacific Salmon Commission (PSC); and fisheries fur-

ther north and west in Alaska are managed by the state, with salmon by-catch under

the purview of the North Pacific Fishery Management Council. The genetic baseline de-

scribed here was designed primarily to identify fish caught in PFMC ocean fisheries and

in ecological investigations in the southern portion of the California Current ecosystem

and its associated tributary rivers and streams. We have shown that it performs well

in this area but, due to an ascertainment strategy during SNP discovery that included

individuals from the Columbia River and British Columbia (Clemento et al. 2011), the

baseline also has sufficient statistical power to identify the source of some fish from else-

where in the species’ North American range. We observed high rates of self-assignment

to reporting unit for all regions represented in the baseline, even though some reporting

units are clearly composed of populations with minimal differentiation from each other.

Moreover, the utility of our baseline could be effectively extended by simply genotyping

the same panel of SNPs on additional populations in those regions, even though het-

erozygosity and mean number of alleles (Table 2.1), and presumably statistical power,

in our baseline is reduced for populations from Canada and Alaska.
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Other SNP baselines for Chinook salmon have also been described or are being

constructed. Templin et al. (2011) describe a 45 SNP locus baseline of populations in

the northern and western parts of the species range, designed primarily for GSI of

populations from western and southcentral Alaska. This same baseline was also used to

probe the seasonal distribution and migration pattern of Chinook salmon in the Bering

Sea and North Pacific Ocean (Larson et al. 2012). Despite the presence of 14 populations

from California, Oregon and Washington in that baseline, the authors appropriately

emphasize that resolution of those southern populations is sufficient only for broad-scale

assignments. Similarly, Warheit et al. (2013) describe the marker selection for eventual

development of a SNP baseline for application to PSC fisheries. While the existence of

multiple regional baselines is likely to expand, it will still benefit the entire community of

fishery managers and scientists to carefully design marker panels with as much overlap as

possible. It is conceivable that two or three panels of 96 SNPs could provide the level of

resolution needed for identification throughout the species range. Alternatively, as next

generation sequencing techniques mature, genotyping-by-sequencing (GBS) approaches

might yield data for GSI at lower cost than current genotyping techniques. Such a

GBS approach could be used to simultaneously genotype all of the SNPs in each of the

regional baselines, allowing mixed-stock analysis throughout the species’ range.

Inclusion of the species-diagnostic marker and coho salmon sample in the base-

line provided insight into the prevalence of misidentification of coho salmon in ocean

fisheries. In the 2010 fishery off California, seven fish sampled as Chinook salmon were

found to be coho salmon. Without such methods to identify coho salmon, they are as-
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signed by the baseline with erroneously high confidence to a northern, low-heterozygosity

Chinook salmon population (data not shown). This problem is characteristic of most

statistical methods for performing GSI: if an individuals true population of origin is

not included in the baseline, then even if all the populations in the baseline are very

poor candidates for the fishs origin, that fish might still be assigned with high posterior

probability to one of the populations. This occurs when one population is much more

likely than any of the other incorrect populations, even though it is not a likely origin for

the individual on an absolute scale. We introduced a simulation-based z-score method,

implemented in GSI SIM, to identify fish that have likely not originated from popula-

tions in the baseline. An alternative, Bayesian nonparametric approach to dealing with

fish from populations not in the baseline identifies those fish and estimates the allele

frequencies in their (unrepresented) source population (Pella and Masuda 2000). That

approach is particularly appropriate when large numbers of fish are sampled from each

of the populations that are not included in the baseline and when the unrepresented

populations are quite divergent from all those in the baseline. We chose the z-score

approach over the Bayesian nonparametric approach for three main reasons: 1) it is

computationally fast and simple, as there are no convergence problems that might be

difficult to detect; 2) our baseline was sufficiently comprehensive for stocks contributing

to PFMC fisheries that it is unlikely that large numbers of fish would originate from any

single unrepresented population, let alone a highly divergent one; 3) our approach should

be more appropriate for identifying fish whose genotypes are aberrant due to genotyping

complications or sample contamination. Regardless of which method is used, all GSI
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estimation should include some analysis to identify fish that either are from populations

not included in the baseline or that have aberrant genotypes for another reason.

GSI is highly dependent on source populations being sufficiently genetically

differentiated from one another for discrimination. In situations where hatchery brood-

stock transfers, supplementation, or other processes increase straying and gene flow

between fish populations, differentiation decreases and it can become more difficult to

use GSI. Such is the case in the Central Valley of California, where average FST between

populations in the fall-run reporting unit is 0.006 and in the spring-run reporting unit is

0.013. In the dendrogram (Figure 2.1), this region is characterized by extremely short

branch lengths, small inter-nodal differences and weak bootstrap support. Extensive

straying of hatchery salmon due to off-site juvenile releases (California Hatchery Scien-

tific Review Group 2012) and water operations (Fisher 1994) have eliminated historical

differentiation between populations of fall-run Chinook salmon (Williamson and May

2005). Introgression between fall-run and spring-run fish at the Feather River Hatchery,

and likely elsewhere within the basin, has reduced differentiation between these two phe-

notypes, with mean FST of 0.025 between fall-run and naturally spawning spring-run

populations.

Sampling of different stocks for baseline construction in the presence of high

stray rates is not entirely straightforward, particularly when populations are largely

sympatric and not visually distinguishable. For example, there is clearly a single Central

Valley fall-run fish sampled as winter-run in our baseline. These types of occurrences are

almost inevitable given the high degree of disturbance and hatchery supplementation
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over much of the species range. One approach is to move fish with discrepant genotypes

from the baseline populations in which they were sampled to the ones to which they

assign using GSI (e.g. Banks et al. 2000). However, such a procedure can introduce

an upward bias in the predicted accuracy of the baseline, if, in fact, the removed fish

actually do belong to the populations from which they were sampled, but simply have

unlikely genotypes at the genetic markers used for baseline construction. We chose to be

conservative in both 1) accepting a slightly lower rate of predicted resolution obtained

by not removing mis-categorized fish, and 2) avoiding an upwardly biased predicted GSI

accuracy if the fish removed are not mis-categorized.

2.6.2 Implications for Management

Accurately estimating the proportion of fish from different populations in

mixed-stock ocean fisheries has important applications for harvest management and

conservation. Stocks comingled in ocean fisheries can vary widely in productivity and

abundance. Without precise information on their ocean distribution (as can be pro-

vided by GSI), managers have few options for protecting depressed or at-risk stocks

from fishery impacts other than shutting down or curtailing fisheries over broad areas,

as is currently done. For example, in 2008 and 2009, the largest closures on record of

fisheries in California and Oregon were enacted to protect the severely reduced Central

Valley fall-run stock (Lindley et al. 2009). The economic impact of fishery closures is

substantial, resulting in millions of dollars of lost income for fishermen, coastal commu-

nities and retailers (Michael 2010).
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Management of Chinook salmon in California, Oregon, and Washington, and

in PSC-managed fisheries depends heavily on information generated by an elaborate

CWT program (Hankin et al. 2005). Tiny wire tags are mechanically implanted into

the heads of juvenile fish, with each tag bearing a code that identifies the release group

and source hatchery (or stock) of the fish. Tagging of naturally spawned juvenile fish

has generally proven unsuccessful (Beacham et al. 1996), so tagged hatchery stocks are

used as proxies to estimate fishery impacts for groups of natural stocks. Aside from the

largely unvalidated assumption that such proxies accurately reflect fishery impacts on

the associated natural stocks (Hankin et al. 2005), the physical effects of tagging fish

and removing their nerve-rich adipose fin (Buckland-Nicks et al. 2012) as an associated

external mark can increase disease transmission (Elliott and Pascho 2001), interfere with

homing (Morrison and Zajac 1987, Habicht et al. 1998) and swimming ability (Reimchen

and Temple 2004) and may impact size-at-return for adult salmon (Vander Haegen et

al. 2005). Moreover, extremely low recovery rates mean that CWT data are often quite

limited and there is frequently great uncertainty associated with the resulting estimates

derived from them (Hankin et al. 2005).

GSI has been advanced as an alternative to CWTs in fishery management for

several decades. Our direct comparison of CWT and genetic assignments demonstrates

that our baseline is capable of identifying fish to reporting unit with accuracy compa-

rable to CWTs. Furthermore, using GSI, considerably more fish can be identified to

reporting unit, including fish from natural stocks. Confident genetic assignments were

obtained for ∼94% of fish from the 2010 fishery sample, whereas only 1,052 of those fish
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carried coded wire tags and this number is inflated partially due to oversampling of fish

believed to carry CWTs.

Fishery management decisions rely heavily upon cohort-based ocean harvest

models (cf., O’Farrell et al. 2012), which require information on both stock of origin

and age of fish impacted in fisheries. Since GSI does not provide fish age, it is not by

itself an adequate alternative to CWTs. Nonetheless, new statistical methods capa-

ble of integrating GSI, length data, and scale- or otolith-based age data have recently

been developed and shown to provide important inference in PFMC fisheries that are

not available from CWTs alone (Satterthwaite et al. 2013). Moreover, pedigree-based

genetic tagging does supply age for salmon (Anderson and Garza 2006, Garza and An-

derson 2007). This method, termed parentage-based tagging (PBT), can identify the

actual parents of a genotyped individual through parentage analysis if they have been

genotyped with the same genetic markers. If the parents date of spawning is known, as

it typically is in a hatchery, then the reconstructed pedigrees yield the offsprings precise

age and any associated parental spawning information.

Importantly, both PBT and GSI can be undertaken with the same SNP geno-

types, and the SNPs used in our GSI baseline are sufficiently powerful for PBT with

salmon from California to Washington (Anderson 2012). This interoperability of geno-

type data enables an integrated program that uses both GSI and PBT simultaneously,

providing identification for all fish in a fishery or ecological sample and yielding signifi-

cantly greater inference than either method alone. For example, GSI cannot distinguish

between spring-run and fall-run fish from the Feather River Hatchery in California, but
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PBT discriminates them, almost without error, from any mixture. Likewise, though

it is difficult to implement PBT in natural populations, the same SNP genotypes used

in a PBT analysis permit accurate identification (via GSI) of fish from the naturally

spawning, ESA-listed California Coastal Chinook Salmon ESU.

2.7 Conclusions

The advent of high-throughput SNP genotyping has already revolutionized

human genetics (Jenkins and Gibson 2001), providing previously unattainable resolution

(e.g, Novembre et al. 2008), and is poised to do the same for fisheries biology and

management. Here, we use a careful and statistically valid power analysis of SNP

genotypes from a large number of Chinook salmon populations concentrated at the

southern end of their native range to show that SNPs can provide a powerful baseline

for genetic stock identification (see also Larson et al. 2012) in fisheries and ecological

investigation in the California Current and its tributaries in California and Oregon. We

predict that these advances in genetic resources and methods will foster fundamental

improvements in the way salmon populations are studied, monitored and managed.
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Chapter 3

Large-scale genetic tagging experiment

in a hatchery population of Chinook

salmon (Oncorhynchus tshawytscha)

allows for pedigree-based inference

3.1 Introduction

Studies on natural selection, behavioral ecology and the population biology of

plants and animals often require tracking individuals, groups or populations over a pe-

riod of time. This is generally achieved by marking or tagging individuals for subsequent

recapture or detection. Physical tags have been used to elucidate the migration and dis-

persal patterns of birds over the last century (Baldwin 1921, Nickell 1968, Greenwood

and Harvey 1982, Moore and Dolbeer 1989), however, mark-recapture experiments are
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also common in studies of fish (Metcalfe and Arnold 1997, Jones et al. 1999), mammals

(Hoskinson and Mech 1976, Ormiston 1985, Bethke et al. 1996) and even insects (Stern

et al. 1965, Sumner et al. 2007). These tagging experiments have been used for a broad

range of applications, which include: investigating behavioral responses to changing

conditions, estimating the effects of natural selection and delineating the distribution

of populations.

While physical tagging has a long history, the increasing availability of genomic

resources has made genetic tagging methods (Palsbøll 1999) a viable alternative for a

variety of species. In its simplest form, genetic tagging is analogous to physical tagging,

with the ‘mark’ being the first time a genotype is encountered and a ‘recapture’ oc-

curring by matching the original genotype to a subsequent sample. The use of genetic

information in lieu of traditional tags to identify individuals has been demonstrated

in taxa as diverse as whales (Palsbøll 1997), bears (Woods et al. 1999), and martens

(Mowat and Paetkau, 2002). Genetic information can also be used to assign membership

of individuals to their most likely population of origin. This method, termed genetic

stock identification (GSI) in fisheries, and called population assignment in the field

of molecular ecology, requires collecting baseline allele-frequency data from potential

source populations and then uses maximum likelihood (Smouse et al. 1990) or Bayesian

methods (Pella and Masuda 2000) to determine the probability that the sample origi-

nated from each population; sample and baseline genotypes are collected for the same

set of genetic markers. GSI has been successfully applied in studies of highly-structured

salmon populations for almost three decades, but is limited if groups are not sufficiently
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differentiated (Beacham et al. 1985, Teel et al. 1999, Beacham et al. 2006, Seeb et al.

2011, Clemento et al. in review).

Yet another way that genetic data can be used as a tagging methodology is

in the inference of relationships between individuals, primarily first order relatives such

as parent-offspring or siblings. Parentage analysis has been used to address a diverse

range of ecological questions, including dispersal, hybridization, fitness, relatedness and

estimation of population size (DeWoody 2005). In an early genetic mark-recapture

experiment in turtles, parentage was used to reconstruct and subsequently recapture

a paternal genotype that was not directly observed (Pearse 2001). Many methods are

also available to reconstruct sibships between individuals without parental information

(e.g. Wang 2004), as well as to identify parents and offspring in the wild (Jones et al.

2009). Assignment of parentage with molecular markers generally utilizes Mendelian

incompatibilities between offspring and putative parents to exclude unlikely trios, since

a true offspring must carry one of the maternal and one of the paternal alleles. There is a

variety of software available for actually using genetic data to infer parentage, however,

many are limited in their computational capacity and ability to handle large and complex

datasets in a reasonable amount of time (Jones et al. 2009). However, new algorithms

have now been developed to perform truly large-scale parentage inference, allowing for

practical extension of these genetic tagging methods to high fecundity organisms like

salmon (Anderson and Garza, 2006, Anderson, 2012). Additionally, recent development

of large numbers of single nucleotide polymorphism (SNP) markers (Clemento et al.

2011, Abad́ıa-Cardoso et al. 2011), which are amenable to efficient high-throughput
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genotyping, now allow for the practical analysis of the large number of individuals in

salmonid populations (Abad́ıa-Cardoso et al. 2013, Steele et al. 2013).

Chinook salmon (Oncorhynchus tshawytscha) are a highly valued species of

Pacific salmonid and are the target of large commercial and recreational fisheries. Chi-

nook salmon are anadromous, wherein adult fish migrate from the ocean to spawn in

their natal river, and must therefore contend with impacts in both freshwater and ma-

rine environments. Over the last century, many Chinook salmon populations have been

reduced or even extirpated by the construction of large dams, extensive water extrac-

tion for agriculture and human consumption, overfishing and variable ocean conditions

(Myers et al. 1998). This has resulted in listings under the Endangered Species Act

(ESA; FedReg 1990, 1999), particularly in the southern portion of the species range

(e.g. California, Oregon and Washington). In order to mitigate for the multiple im-

pacts threatening Chinook salmon populations, state and federal agencies now produce

millions of fish annually in hatcheries. These hatchery fish – primarily intended to re-

duce variability in ocean abundance and provide fishing opportunities – comingle with

wild fish in the ocean and can compose the majority of the catch in certain times and

places.

Ensuring sustainability and the persistence of salmon populations while pro-

viding fishing opportunities can be a complex task. Overestimation of the contribution

from specific stocks can have serious conservation implications, while underestimation

can leave the resource underexploited, both potentially costing the fishing industry and

coastal communities millions of dollars (Michael, 2010). Generally, management of Pa-

91



cific salmon ocean harvest in the coterminous United States falls under the purview

of the Pacific Salmon Commission (PSC) and Pacific Fishery Management Council

(PFMC), while NOAA Fisheries is responsible for controlling harvest of threatened and

endangered population segments under the ESA. These entities employ a variety of

methods to set fishing areas and seasons, determine quotas and legal gear and establish

catch limits and size restrictions. Stock-specific forecasting models are used to esti-

mate ocean abundance indices, which are then used to set harvest limits, first at the

international level (PSC) then for local ocean fisheries and finally for terminal fisheries

in rivers (Hyun, 2012). The accuracy of these cohort-based models and the resulting

abundance forecasts are highly dependent on the quantity and quality of data; estimates

of age and stock specific mortality rates and their distribution in the fishery catch, are

critical inputs to these models. Currently, the primary source of information for fishery

management comes from coded wire tagging of a limited number of hatchery stocks.

The need to identify stock-specific fishery impacts led, in the 1950s, to clipping

of particular fins (adipose, anal, maxillary), in an attempt to identify production from

different hatcheries or regions. By the 1970s, managing agencies began to use cohort

information in fishery management models and turned to the use of coded wire tags

(CWTs) in juvenile fish to indicate stock and cohort of origin (Jefferts et al. 1963).

CWT data has been used to estimate “exploitation rates by age, maturation rates,

adult equivalents, marine survival rates, total mortality” and even to infer exploitation

patterns of untagged natural stocks (Morishima 2004). CWTs are small pieces of metal

(0.5 - 1mm long) mechanically implanted into the heads of juvenile fish. Each tag bears a
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group-specific code that identifies the release cohort and source hatchery (or stock). Tag

recovery is accomplished through identification of fish carrying a tag (usually removal of

the adipose fin), followed by removal of its head and shipment to a laboratory, where the

tag is manually extracted and read under a microscope. “Harvest from a cohort is [then]

estimated by expanding the number of CWTs recovered according to the fraction of the

catch sampled, the fraction of the cohort carrying CWTs, the fraction of heads from

recaptured fish that reach a laboratory, and the fraction of dissected heads from which

a CWT is decoded (Bernard and Clark 1996).” However, due to limited tag recoveries

(often less than 1%) and assumptions about the equivalence of tagged and untagged

fish, there is frequently great uncertainty associated with the output of management

models (Hankin et al. 2005).

Prior to 1996, only fish with CWTs were given adipose fin clips, but another

major challenge to the continuing use of CWTs are recent state and federal regulations,

which require adipose fin clips on a majority of hatchery production (Hankin et al.

2005). This will increasingly result in large numbers of adipose fin-clipped but untagged

salmon and has already “decreased the effectiveness of the current program, added costs

without gaining information, increased the numbers of fish that samplers handle and

mutilate[,] and decreased the value [of] these fish to retailers (Alexandersdottir et al.

2004).” This problem has necessitated the use of secondary, electronic tag detection

methods at considerable increased cost and effort to the entire program. CWTs are

also subject to loss at uncertain rates, which effectively increases the number of clipped

but untagged fish (Johnson 2004). Moreover, the tagging and marking process may
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cause subtle injuries to juvenile fish that can affect performance and survival at later

life stages (Morrison and Zajac 1987, Habicht et al. 1998, Reimchen and Temple 2004).

Given the declining effectiveness of the current CWT program, the PSC has

recommended validation of alternative tagging strategies (Hankin et al. 2005). One of

the most promising technologies, and the one evaluated here, is parentage-based tagging

(PBT; Garza and Anderson 2007). Utilizing a novel statistical genetic framework for

large-scale parentage analysis, genotypes collected from parental breeding generations

in hatcheries are used to tag the offspring cohort. Subsequent non-lethal sampling of

fish during their seaward migration, in fisheries, or upon return to spawn (either at

hatcheries or instream) is followed by high-confidence parentage assignment (Anderson

2012), allowing accurate pedigree reconstruction, and identifying stock and cohort of

origin in the process. Since a pair of Chinook salmon can produce thousands of off-

spring, the tagging of juveniles through genotyping of parents is highly efficient. This

methodology generates the same information as the current coded wire tag (CWT) pro-

gram, which currently provides the bulk of the cohort-specific fishery mortality data for

salmon in the northeast Pacific. The ability to accurately identify offspring of spawn-

ing fish through parentage analyses means that a pair of parental genotypes translates

into many genetic tags in the next generation and has broad potential application for

population assessment of fish and other high fecundity species.

Described here is a large-scale, intergenerational genetic tagging experiment

with a hatchery population of Chinook salmon from the Feather River, CA, USA. I

first examine whether the same panel of SNP markers, successfully used to construct
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a coastwide baseline for GSI (Chapter 2; Clemento et al. in review), can also be used

to confidently reconstruct pedigrees of individuals that have undertaken an ocean mi-

gration. The accuracy of assignments is determined by comparing them with recorded

cross information in order to evaluate whether genetic tagging data is comparable with

that derived from the physical tags currently deployed in the system. Reconstructed

parent-offspring trios are used to assess interannual variability in the age structure of

offspring cohorts as well as the age structure and relative reproductive success (i.e vari-

ation in family size) of spawning broodstock. Data on the physical characteristics of

parents and offspring allow for estimates of the heritability of length at maturity and

correlations between female body size and the number of her offspring returning to

spawn. Inbreeding and relatedness in spawning populations is assessed and the effects

of parental relatedness on their reproductive success is evaluated. This research also

provides the first evidence that PBT can identify parentage of offspring in large mixed-

fishery samples. I demonstrate that parentage-based genetic tagging provides not only

a powerful and efficient means of tagging large numbers of individuals, but also gen-

erates novel population information that can be used to inform hatchery and fishery

management.
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3.2 Methods

3.2.1 Study Site

The Feather River is one of the largest tributaries to the Sacramento River

in the northern part of California’s Central Valley. Historically, the Feather River

supported runs of both the fall-run and spring-run ecotypes of Chinook salmon. The

spring-run phenotype is characterized by adults that are sexually-immature when they

migrate upstream during the Spring. These fish hold in deep pools throughout the sum-

mer and then mature and spawn and die throughout the fall and early winter months.

In the fall-run phenotype, sexual maturation is coincident with upstream migration and

spawning during the fall months. Prior to human modification of the watershed, spring-

run fish spawned in the upstream reaches of the Feather River, spatially separated from

the fall-run fish spawning further downstream (Department of Water Resources 2004).

In 1968, however, construction of Oroville Dam, a principal feature of the California

State Water Project, was completed on the mainstem Feather River. This dam blocks

upstream passage of spring-run Chinook salmon (Fry and Petrovich 1970), confining

them to spawn in the same downstream reaches where fall-run Chinook also spawn.

As a consequence, introgression between the two types has been widespread on the

currently available spawning grounds (Yoshiyama 1996, Williamson and May 2005).

Additionally, propagation of Chinook salmon at the Feather River hatchery

has contributed to introgression between the two run types. For the first three decades

of operation at the hatchery, little was done to distinguish or isolate the two run types:
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mature fish were simply spawned as they arrived at the hatchery. Fish that entered the

hatchery in September were considered to be “spring-run” and were spawned together,

while those that entered in October were spawned together as “fall-run” (Department of

Water Resources 2004). This practice did little to maintain the reproductive isolation

of the two runs because both spring run and fall run fish typically mature between

the months of October and December. Since 2003, the California Department of Fish

and Wildlife (CDFW), who operates the Feather River Hatchery (FRH; Oroville, CA),

has made a concerted effort to limit the amount of introgression between the two runs.

Specifically, they devised a plan that is meant to exclude potentially fall-run fish from

breeding with fish displaying the spring-run phenotype. During May and June at the

hatchery, early-arriving, sexually immature fish are marked with an externally visible

tag and released back into the river. Fish that arrive after July 1 are not admitted

to the hatchery and so remain in the river untagged and are ultimately assumed to

be fall-run. Fish are again allowed to swim up the ladder into the hatchery in late

September/early October where they are sorted based on the presence or absence of

the external tag which identifies individuals that expressed the spring-run phenotype.

Tagged, early-arriving females are then mated one-to-one with spring-run males, the

eggs incubated in daily lots, and the fish subsequently reared to the fry life stage and

released in various locations in the drainage.
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3.2.2 Hatchery Sampling

Caudal fin clips were collected from all returning fish (spawned and unspawned)

by CDFW personnel at the FRH and dried on blotter paper. Comprehensive sampling

and genotyping of the spring-run Chinook broodstock took place for the six years from

2006 to 2011 (Spring-run/Spring-origin in Table 3.1), while the fall-run broodstock (Fall-

run/Non-spring-origin in Table 3.1) was also genotyped in 2008. Coded-wire tag data

was used to retrieve samples from spring-run offspring that were collected as fall-run

spawners in 2009, 2010 and 2011 (Fall-run/Spring-origin in Table 3.1), for assignment

to spring-run parents. A small subset of 2012 spring-run fish, whose offspring were to

be used to reintroduce Chinook salmon to the San Joaquin River, were also analyzed

for parentage. Metadata, including gender, spawn date, fork length (mm) and spawn-

ing partner (spring-run only, 2006-2009) was recorded for each fish. In total, samples

from 12,817 Feather River Hatchery Chinook salmon were collected and genotyped (Ta-

ble 3.1).
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3.2.3 DNA Extraction and Genotyping

Collected tissue was sub-sampled and furnished to the SWFSC Santa Cruz Lab

for analysis. DNA was extracted from dried tissue using Qiagen DNEasy 96 kits on a

BioRobot 3000 (Qiagen, Inc.) according to the manufacturer’s recommended protocols.

All individuals were then genotyped at the 96 SNP loci described in Chapter 2 (Table 2.2.

A multiplex pre-amplification reaction was used to increase copy number of targeted

genomic regions. Unlabeled primers (no fluorescent probes) for the panel of 96 loci

were combined and diluted to 50nM; the 5uL multiplex PCR contained 1.25uL of this

pooled assay mix, 1.25uL of extracted DNA and 2.5uL of 2X Multiplex Master mix

(Qiagen). The pre-amp thermal cycling routine consisted of 95◦C for 15 min followed

by fourteen cycles of 95◦C for 15 seconds and 60◦C for 4 minutes and a final hold at 10◦C.

Multiplex PCR product was diluted with 15uL of 2mM Tris and frozen. Samples were

then genotyped on 96.96 Dynamic arrays (Fluidigm Corporation) using a Fluidigm EP1

according to manufacturer’s protocols. Genotypes were called and the data collected

using the Fluidigm SNP Genotyping Analysis software (vers. 2.1.1). Individuals with

missing data at 10 or more loci were excluded from further analyses.

3.2.4 Population Genetic Analyses

Observed (Ho) and unbiased expected heterozygosity (Hz; Nei 1987) were cal-

culated for each brood year using the Microsatellite Toolkit (Park 2001). The inbreeding

coefficient (Fis), a measure of increased homozygosity due to inbreeding, was calculated

for each brood year using the software package Genetix (Belkhir 2004) and significance
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assessed with 1000 permutations of the dataset.

3.2.5 Pedigree Reconstruction

Upon release as juveniles (yearlings) back into the Feather River, Chinook

salmon from the FRH migrate to the ocean and then return to spawn at age two, three

and four. As such, the spring-run broodstock from 2006, 2007, 2008 (including fall-run),

2009 and 2010 was used as the potential parents of fish returning to spawn in 2008, 2009,

2010, 2011 and 2012. The software package SNPPIT (Anderson, 2012) was employed to

perform parentage assignments. SNNPIT is a powerful and efficient tool for assigning

parentage, which proceeds in two steps. First, the software assembles all possible pairs

of parents and uses Mendelian exclusion to exclude pairs that cannot be the parents of

the individual to be assigned. Each offspring is then assigned to the most likely parent

pair from amongst those with few enough Mendelian incompatibilities. The software

then employs Monte Carlo simulation with a novel importance sampling algorithm to

calculate a p-value and associated false discovery rate (FDR) for each parentage assign-

ment. Genotyping error rate was assumed to be 0.005 per gene-copy (1% per locus) for

a majority of the loci used. Using observed Mendelian incompatibilities in reconstructed

trios, however, genotyping error rates were estimated directly for four loci, adjusting

the value for Ots AldB1-122 to 0.0094, Ots 105401-325 to 0.0265, Ots 112208-722 to

0.027 and Ots 101704-143 to 0.011.

Each brood year from 2008-2012 was assigned parentage separately, however,

all previous years were included as potential parental sources. This provided a test for
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false-positive assignments, as the life-history of these animals (returning as two-year olds

at the youngest) should preclude assignments to the year directly preceding the brood

being assigned. No parentage assignments are expected to indicate that a returning

spawner is only one year old.

Two independent SNPPIT runs were conducted for each group of offspring be-

ing assigned to parents. In the first run, metadata on spawn date and sex of the parents

was ignored, such that all possible pairs of individuals within a year were considered

possible parent-pairs, even if it was reported that they were spawned on different days

or were the same sex. The second run limited possible parent pairs to only males and

females spawned on the same day. Comparison of the two runs identified some minor

metadata errors, and additionally verified correct assignments. Assignments for indi-

viduals with an FDR > 0.01 were conservatively excluded, meaning that no more than

one assignment in a hundred is expected to be incorrect by chance alone. Parentage

assignments were compared to recorded crosses for the spring-run years 2006-2009.

3.2.6 Age Structure, Reproductive Success and Length-at-spawning

The age of returning adults was determined for the 2008-2011 spring-run

broodstock and the small sample from 2012 and ranged from two to four. Offspring

from fish spawned in 2006 (hereafter, the 2006 cohort) could be identified when they

returned at age two, three, four and five in 2008, 2009, 2010 and 2011, respectively; fish

from the 2007 cohort could be identified returning at age two, three, four and five in

2009, 2010, 2011 and 2012, respectively; fish from the 2008 cohort could be identified
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returning at age two, three and four in 2010, 2011 and 2012 respectively; and fish from

the 2009 cohort could be identified at age two in 2011 and age three in 2012. The

proportion of fish returning at age two, three and four years old from the 2006 and 2007

cohorts was compared using z-tests. Note that the 2012 sample is only a small subset

of the total 2012 spring broodstock, and therefore the 2008 cohort was excluded from

this analysis as one would expect four year old fish to be under-represented.

Parentage assignments were also used to examine the age structure of the

spring-run spawners in 2010 and 2011. This first required removing the individuals that

were included in these groups from the fall-run spawn groups as potential offspring of

2006, 2007, 2008 and 2009 parents (fall-run/spring-origin). For the remaining individu-

als (those actually spawned as spring-run in 2010 and 2011), the number of individuals

that were age two, three and four were identified and z-tests used to compare the relative

proportions of the three age classes between years.

The distribution of family size was examined using the inferred parent-offspring

trios for fish spawning in 2006, 2007, 2008 and 2009. This analysis included only those

parents with at least one offspring detected via pedigree reconstruction. Reproductive

success was estimated by counting the number of offspring per parent that returned to

the hatchery in any year. As the number of offspring per parent pair was not normally

distributed, a Kruskal-Wallis test was used to detect differences between the 2006 and

2007 cohorts for which all age classes (two, three and four year olds) were likely observed.

While the hatchery reports primarily one-to-one matings (only one male and one female

per cross), the relative reproductive success of males versus females versus pairs was
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examined across years, again including only those families with one or more offspring.

Additionally, parentage reconstructions were used to discern the structure of sibships in

the 2012 sample to be used as broodstock for reintroduction to the San Joaquin River.

Because the hatchery records the length of each fish, and parent-offspring

relationships were identified by parentage analysis, the heritability of length-at-spawning

was investigated for the dominant three-year old age class. The slope of the parent-

offspring regression line was used to estimate heritability (h2). The mean length of

each parent pair was compared to all of their offspring and to male and female offspring

separately. The relative contribution of fathers’ and mothers’ lengths to offspring length

was also analyzed separately, specifically looking at the contribution of fathers to sons

and mothers to daughters. Since larger females also generally produce a larger number

of eggs, the length of each mother was compared to her reproductive success and the

regression again fit with a linear model.

3.2.7 Relatedness

For each collection of spring-run spawners (2006-2011) and the single collection

of fall-run spawners (2008), the relatedness coefficient (Rxy of Queller and Goodnight

1989) was calculated between all pairs of individuals in each collection using the software

KINGROUP (Konovalov et al. 2004). Rxy provides a measure of the probability that

the shared alleles between two individuals are identical by descent (IBD); higher values

of Rxy suggest an increased degree of relatedness with a maximum value of 1 indicating

identical genotypes. For each sample, a histogram of Rxy values was plotted, and the
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mean, standard deviation and skew calculated. The distribution of Rxy values was also

compared to a normal distribution with same mean and standard deviation as that

observed in the sample. Since the hatchery kept records of the matings from 2006-2009,

the distribution of Rxy values among pairs that achieved reproductive success (defined

as those that had at least one offspring return to the hatchery in a subsequent year) could

be compared to those that did not. Again, the mean, standard deviation and skew were

calculated and the distribution of Rxy values for successful versus unsuccessful matings

plotted. As relatedness data appeared to be normally distributed, a two-sided t-test

was used to examine whether the mean of Rxy values were significantly different for

successful versus unsuccessful parent pairs, for each year and over all years. Finally, the

correlation between the size of each full-sib family and the degree of relatedness (value

of Rxy) between the parents was investigated with a simple linear regression.

3.2.8 Fishery Samples

In 2010, CDFG collected samples at California ports from 2090 salmon landed

in commercial and recreational fisheries. About half of these fish carried CWTs that

identified their population of origin and age. Using SNPPIT, the FRH broodstock

collections were searched for parents of these port-sampled fish and compared to the

genetics-based recaptures to the CWT data. Again, assignments with FDR values >

0.01 were excluded as low confidence. Samples were also collected from the commercial

salmon fleet in 2010, 2011 and 2012, primarily for analysis with a genetic stock identifi-

cation (GSI) baseline (Clemento et al. in review), however these collections also contain
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offspring from the FRH hatchery. CWT data were unavailable for the GSI collections.

In total, DNA was extracted from 24,242 fishery samples, genotyped with our panel of

96 SNP loci and examined for parentage among the sampled FRH brood stock samples.

The age structure of FRH fish in the four ocean samples was determined using the

parentage reconstructions.

3.3 Results

A total of 12,817 Chinook salmon collected at the Feather River Hatchery from

2006 to 2012 were genotyped with our panel of 96 SNP loci (Table 3.1). Genotypes

from 1766 samples were excluded due to missing data (>10 missing loci), leaving 11,051

samples for further analysis. These analyzed samples fell into three categories: spring-

run spawners (sample sizes ranged from 181 in the partial 2012 sample to 1255 in 2007

with a mean of 923); fall-run spawners (2008 only, with a sample size of 2837); and

fall-run spawners of spring-run origin as determined by CWT data from 2009 to 2011

(with an average sample size of 584 per year). The last category of individuals (fall-

run spawn/spring origin) were included as potential offspring, but were excluded from

the parent broodstock sample for pedigree reconstruction and calculation of population

genetic statistics.

3.3.1 Population Genetic Parameters

Estimates of unbiased heterozygosity ranged from 0.370 in the 2008 samples

to 0.375 in the 2006 sample and averaged 0.372, while observed heterozygosity ranged
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from 0.367 in the 2008 fall-run collection to 0.377 in the 2006 collection with a mean of

0.372 (Table 3.1). The inbreeding coefficient, Fis, ranged from -0.0116 in 2011 to 0.0082

in the 2008 fall-run sample; values for both the fall-run sample and the 2009 sample

were significantly different from zero (P < 0.05). The overall degree of relatedness was

estimated by first calculating the mean value of Rxy between each individual and all

other individuals and then taking the mean of these individual values in each collection.

This mean individual relatedness ranged from -0.0066 in 2006 to 0.0074 in the 2008

fall-run sample and averaged 0.0008 over all collections.

3.3.2 Hatchery Pedigree Reconstruction

Two independent pedigree reconstructions were performed: in the first, assem-

bly of the possible parent pairs was not limited to individuals of the opposite sex or

with the same reported spawn date, while in the second these factors were used to limit

the space of possible parent pairs. In the analysis unconstrained by gender or spawn

date, a total of 2791 parent-offspring trios were identified. Fifteen of these trios were

not present in the pedigree reconstruction limited by gender and spawn date; three as-

signments were to parents with different spawn dates while the remaining assignments

identified two parents of the same gender. These assignments were of high confidence,

with low FDR scores (mean, 0.0028) and high maximum posterior probabilities (mean,

0.99), indicating that they are likely correct trios with errant metadata. Additionally,

for three of the unique parent pairs in this group multiple offspring were assigned, fur-

ther supporting the idea that they were true parental pairs, however, without additional
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information to resolve the apparent discrepancies, these 15 assignments were excluded

from further analyses.

The remaining 2776 parent-offspring pairs had FDR values ranging from 0 to

0.0098 (mean, 8.81×10−5), with p-values ranging from 0 to 0.04 (mean, 5×10−4) and

posterior probabilities of the parent/offspring trio relationship ranging from 0.5418 to

0.9999 (mean, 0.9934). An FDR of 0.0098 can be interpreted as an expectation of 27

misassignments (0.98% of the 2776), although only 13 assignments exceeded an FDR

of 0.002 (at which only 6 assignments are expected to be incorrect). In neither the

constrained nor the unconstrained pedigree reconstruction were any offspring assigned

to parents from the immediately preceding year, suggesting a low false positive rate. The

assignment of offspring to the correct parent pairs was also confirmed by the hatchery

recordings of the mated individuals. Parentage assignments recovered 1203 correct

parental pairings from among the 1874 recorded at the hatchery (64.2%). Additionally,

354 of the recorded pairs not identified by parentage analysis were from 2009, for which

there was only a limited sample of 2012 individuals that would comprise the dominant

three-year old age class (Table 3.2).
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The 2776 offspring assigned parentage accounted for 31.4% of the potential

8851 offspring sampled at the hatchery from 2008 to 2012. However, 3800 of the unas-

signed offspring were from the large, fall- and spring-run sample in 2008, for which only

the small two-year old age class could be identified (as offspring of 2006 spawners).

Excluding the 2008 offspring and evaluating only the years for which the parents of

putative three-year olds were available (2009-2012), parentage was assigned for 55% of

offspring. It must also be considered that a substantial number of parent pairs were

not available for parentage assignment because they were excluded prior to analysis for

excessive missing data (>10 loci; Table 3.1). For each day of spawning in each year,

the number of genotyped parent pairs (all males x all females) was calculated and sub-

tracted from the number of excluded parent pairs (excluded males x excluded females),

weighted by the proportion of females spawned on that day. Summed over the spawn

year, this provided an estimate of the percentage of parent pairs included in the parent

database for analysis. As offspring are not assigned to single parents here, each par-

ent pair excluded for missing data was a missed opportunity to assign parentage to an

offspring. As the most likely source of missed assignments, the proportion of parent

pairs in the database was used to scale observed offspring recoveries (Table 3.2). For

example, had all parent pairs been included in the parent database for assignment of

the 2009 offspring, one could expect to have recovered parentage assignments for 822

individuals. Using the scaled estimates of offspring recoveries from 2009 to 2012, the

analysis is expected to have assigned parentage for an additional 985 fish, or a total of

3761 fish, which would be 74.58% of the 2009-2012 offspring available for recovery.
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3.3.3 Age Structure

Using the reconsructed pedigrees, the age at which fish return to spawn was

assessed for the 2006 and the 2007 cohorts. Of the 522 fish assigned to parents from

2006, three (0.57%) returned at age two (100% males), 503 (96.4%) at age three (36.8%

males and 63.2% females), and 16 (3.07%) at age four (43.8% males and 56.2% females).

Of the 1500 fish assigned to parents from 2007, 47 (3.13%) returned at age two (97.9%

males and 2.1% females, 1240 (82.67%) at age three (53.7% males and 46.3% females),

and 213 (14.2%) at age four (35.2% males and 64.8% females; Figure 3.1). While z-tests

identified significant differences between the two cohorts for the proportion of two-year

olds (z = -3.24, P < 0.01), three-year olds (z = 7.81, P < 0.01), and four-year olds

(z = -6.91, P < 0.01), both mixtures were dominated by the three-year old age class.

Two-year old females were uncommon in both cohorts.

Again utilizing the reconstructed pedigrees, the full age structure of the spring-

run spawning broodstock was examined for the years 2010 and 2011. However, the tallies

of parentage assignments for these two years in Table 3.2 contain individuals that were

actually spawned with the fall-run (fall-run/spring-origin from Table 3.1). In order to

get a true picture of the relative proportion of two-, three-, and four-year olds in the

2010 and 2011 spawning populations, parentage assignments of fall-run/spring-origin

individuals were removed and the age structure evaluated anew. After exclusion of the

fall-run spawners for 2010, 814 assignments remained, representing 61.5% of the spring-

run spawners in that year. For 2011, 529 assignments were retained, representing 46.9%
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Figure 3.1: Age structure of returning adults (male and female) for two cohorts (2006

and 2007) from the Feather River Hatchery, CA. Numbers in parentheses indicate the

total number of fish in each category, while white bars denote two-year olds, grey bars

three-year olds and black bars four-year old fish.
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of the spring-run spawners. Among the 2010 spring-run spawners, six (0.74%) were

age two (100% males), 799 (98.16%) were age three (54.1% males and 45.9% females),

and nine (1.10%) were age four (44.4% males and 55.6% females). Among the 2011

spring-run spawners, 16 (3.02%) were age two (100% males), 347 (65.6%) were age

three (52.2% males and 47.8% females), and 166 (31.4%) were age four (33.1% males

and 66.9% females; Figure 3.2). Z-tests also detected significant differences between

the two spawn groups for the proportion of two-year olds (z = -16.1129, P < 0.01),

three-year olds (z = 16.493, P < 0.01), and four-year olds (z = -3.23, P < 0.01).

3.3.4 Variance in Family Size and Reproductive Success

Parentage reconstruction yielded 2776 parent-offspring trios derived from 1083

unique parent pairs and distributed in 1081 pedigrees (only two males were found to have

spawned with multiple females over the study period). A total of 1079 males and 1081

females successfully produced offspring that returned to the hatchery as adults. The

mean number of offspring for successful parent pairs was 2.6 (range, 1-13; Figure 3.3).

Among successful parent pairs, 37.9% had only a single offspring return and only one

parent pair yielded thirteen offspring, the largest full-sibling family detected. For the

2006 cohort, 39.6% of the number of hatchery-reported matings (Table 3.1) yielded re-

covered offspring, while 65.5% of the reported number of 2007 spawners achieved repro-

ductive success. In 2007, more parent pairs had two offspring return than one offspring,

otherwise the distribution of family sizes across years was comparable (Figure 3.4). A

significant difference in the pattern of reproductive success was found between the 2006
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and 2007 cohorts (chi-squared = 44.67, P < 0.001). Among the over 2000 fish used as

broodstock for a species reintroduction to the San Joaquin River, 102 pedigrees were

assembled, containing a single family of four full-sibs, four families of three full-sibs,

and 19 families of two full-sibs, with the remainder as singletons.

For salmon, as with most fishes, larger female body size generally allows for

production of a larger number of eggs (Groot and Margolis 1991). If an increase in

the number of eggs provides more opportunities to have offspring return, a correlation

between female body size and reproductive success may be expected. Using the esti-

mates of reproductive success from the reconstructed pedigrees and multiple regression,

I found a highly significant correlation (P < 0.001) between reproductive success and

mothers with lengths greater than 787mm (Figure 3.5).

3.3.5 Heritability of Length-at-spawning

Using the reconstructed families and the known lengths of sampled fish, the

following regressions on length were examined for 3-year old offspring: parental mean-

all offspring, parental mean-male offspring, parental mean-female offspring, father-son,

mother-daughter (Figure 3.6). A positive, highly significant correlation was detected

for all comparisons, however variability was also high. For all 3-year old offspring, the

mean parental length explained approximately 3% of the observed variation (F1,2302 =

68.59, R2 = 0.029, P < 0.001). The mean length of the parent pair explained more of

the observed variation in the length of female offspring (F1,1160 = 43.39, R2 = 0.036,

P < 0.001) than of male offspring (F1,1139 = 22.8, R2 = 0.020, P < 0.001). Among
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Table 3.3: Heritability (h2) of length-at-maturity estimated as the slope of the length-
length regression line between different comparisons of parents and offspring (Fig-
ure 3.6). Mean is the average length of the parents. The regression goodness of fit
(R2) and standard error (SE) are also reported.

Parent Mean Mean Mean Male Female

Offspring All Male Female Male Female

h2 0.189 0.139 0.156 0.062 0.110
R2 0.029 0.020 0.036 0.010 0.026
SE 18.93 24.27 19.47 15.98 15.60

offspring of the same gender as the parent, the mother’s length explained more of the

variation in the length of her female offspring (F1,1160 = 31.11, R2 = 0.026, P < 0.001),

than did the father’s length of his male offspring (F1,1139 = 11.2, R2 = 0.010, P <

0.001). Heritability (h2) was calculated as the slope of the length-length regression line.

Of the comparisons examined here, heritability was highest for the mean parent length

as realized by all offspring (h2 = 0.189), followed by the mean parent length and female

offspring (h2 = 0.156). The heritability of the mother’s length by her female offspring

(h2 = 0.110) was higher than the heritability of the father’s length by his male offspring

(h2 = 0.062; Table 3.3).

3.3.6 Relatedness

The Rxy estimator was used to calculate relatedness between all pairs of indi-

viduals within each of the sample collections. Over all samples, Rxy ranged from -0.62

to 0.83 (mean, 0.003), while the mean of all pairwise Rxy values within each broodstock

collection (2006-2011) ranged from -0.0067 in the 2006 spring sample to 0.0074 in the

2008 fall sample. The estimator was normally distributed for all collections and overall,
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Figure 3.6: Linear regression of parental length on the length of their 3-year old adult

offspring. Independent comparisons were made for: mean parent length and all offspring,

male offspring, and female offspring, as well as, fathers and male offspring and mothers

and female offspring.

120



while the skew was low but positive for all but the fall-run 2008 collection (range, -0.017

to 0.068; mean, 0.044; Figure 3.7). A positive skew suggests an asymmetry towards Rxy

values greater than zero (i.e. a longer tail of higher relatedness estimates).

The distribution of relatedness between parents that successfully had offspring

return to the hatchery as adults was compared to that of parent pairs with no reproduc-

tive success for the 2006, 2007, 2008 and 2009 spring-run brood years. These were the

four samples for which the mated pair was recorded during spawning at the hatchery,

however, only for the years 2006 and 2007 was the full age structure of the cohort (two-,

three- and four-year olds) recovered through parentage assignments. It is likely that

a small proportion of the parent pairs from 2008 deemed unsuccessful, may yet have

four-year old offspring return in 2012, and likewise, many of the unsuccessful parent

pairs from 2009 will have three-year old offspring return in 2012 and four-year olds in

2013. Data were again, approximately normally distributed. For all successful parent

pairs (across years), Rxy ranged from -0.34 to 0.34 (mean, -0.0083) with a skew of 0.002;

for unsuccessful pairs, Rxy ranged from -0.33 to 0.43 (mean, 8×10−4) with a skew of

0.084 (Figure 3.8). For all years 2006-2009, mean relatedness was larger for unsuccessful

parent pairs (range, -0.0296 - 0.0039) than for successful parent pairs (range, -0.0178 -

-0.0035). T-tests detected no significant differences (mean p-value = 0.326) in the mean

of Rxy values between successful and unsuccessful parent pairs in any year, or overall.

With the exception of 2008, skew was also more positive in the sample of unsuccessful

spawners (range, -0.047 - 0.211) than among successful spawners (range, -0.475-0.148).

A weak negative correlation was detected between the relatedness of successful spawn-
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Figure 3.7: Distribution of the relatedness coeffcient (Rxy; Queller and Goodnight

1989) between all possible pairs of individuals in each collection of spawning broodstock

and over all samples. Values are normally distributed, so the range, mean, standard

deviation (Std. Dev.) and skew are reported.
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ing pairs (all years) and the number of offspring they produced (F1,1651 = 4.011, R2 =

0.002, P < 0.05), suggesting that less related parents may realize greater reproductive

success (Figure 3.9).

3.3.7 Fishery Samples

A total of 24,242 Chinook salmon were sampled in four fishery collections from

2010 to 2012; of these, 874 (3.6%) were excluded for excessive missing data ( >10 loci),

leaving 23,368 samples for parentage analysis. A total of 771 fish sampled in ocean

fisheries were assigned to FRH parents (Table 3.4). Over all assigned fishery samples,

mean FDR was 0.001 and the posterior probability of the parent-offspring relationship

ranged from 0.879 to 0.999 (mean, 0.996). Of the 2090 samples collected at California

ports in 2010, 1855 were successfully genotyped, and CWTs were recovered for 1108

(515 from the Feather River). Recovered CWTs identified 61 individuals from the FRH

spring-run, 40 of which were confirmed by parentage analysis (65.6%). Nine additional

individuals that were assigned to spring-run parents presumably had lost or unreadable

CWTs (the hatchery reports 100% tagging of spring-run offspring). One individual

which assigned to spring-run parents with high confidence (FDR = 0) contained a CWT

indicating a Coleman National Fish Hatchery (located on Battle Creek, a more northern

tributary to the Sacramento River) origin, however, the cross between the genetically

assigned parents had been recorded at the FRH in 2007, strongly suggesting a misread

or errantly placed CWT. Importantly, only two-year old ocean-caught fish in 2010 were

available for assignment to the fall-run broodstock, which was sampled only in 2008.
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Figure 3.8: Mated pairs were recorded at the FRH for spring-run spawners from 2006-

2009. Parentage assignment allowed for the comparison of the distribution of relatedness

(Rxy) among pairs that successfully had offspring return to the hatchery as adults (left

side) and those that did not (right side). Again, values were normally distributed, and

the range, mean, standard deviation (Std. Dev.) and skew are reported.
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Figure 3.9: Linear regression of the degree of relatedness between a parent pair (as esti-

mated by Rxy) and the number of offspring that returned to the hatchery in subsequent

years. This includes Rxy values for parents that had no offspring return.
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Parentage analysis identified 14 two-year old fish of the 454 individuals with fall-run

CWTs and an additional 26 fall-run offspring with no tags (the hatchery tags only 25%

of fall-run fish).

For the three samples collected by the commercial fleet in 2010, 2011 and 2012,

21,513 individuals were successfully genotyped. For the 2010 sample, parentage analysis

identified 134 FRH offspring (88.8% two-years old and 11.2% three-years old), of which

85 were assigned to 2008 fall-run parents. Two-year old fish are not generally targeted

by the commercial fleet, however, this sample was collected specifically for the analysis

described here and employed a catch-and-release strategy. In the 2011 sample, all but

two (two-year olds) of the 449 assigned individuals were found to be three-years old and

84.4% of assignments were to 2008 fall-run parents. Finally, in the 2012 sample, the 99

parentage assignments indicated 87.9% three-year olds and 12.1% four-year olds, with

83.3% of four-year old fish coming from 2008 fall-run parents (Table 3.4).
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3.4 Discussion

The current study describes the first implementation and verification of a large-

scale genetic tagging and pedigree reconstruction experiment in Chinook salmon, a key-

stone species in the marine, terrestrial and freshwater ecosystems of the West Coast of

North America (Willson and Halupka 1995; Cederholm et al. 1999; Helfield and Naiman

2006). Chinook are also the target of highly valuable commercial and recreational fish-

eries throughout the northeastern Pacific Ocean and receive substantial management

attention. Our experimental design involved sampling entire parental generations from

one of the largest hatchery programs in California, USA, and subsequently recovering

their offspring as they returned to the hatchery two, three, and four years later. Using

a panel of 96 SNP markers and new, highly-efficient algorithms for parentage recon-

struction, offspring were assigned to their parents with high accuracy, as confirmed by

recorded mate pairs and physical tags. Pedigrees were then used to calculate informative

population genetic parameters and investigate the potential for heritability of impor-

tant life-history traits. Hatchery offspring carrying genetic tags were also recovered

from large mixed-stock fishery samples, demonstrating the effectiveness of the method-

ology for providing the necessary stock- and cohort-specific information to current ocean

harvest models.
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3.4.1 Technical Issues

Sample quality was unexpectedly poor in some years and some collections;

extracted DNA was quite degraded and did not yield acceptable genotypes for 13.8%

of FRH broodstock samples. While DNA degradation has been documented in car-

cass recoveries of naturally spawning salmon (Baumsteiger, 2009), our lab generally

observed adequate DNA quality when sampling live fish. In the years other than 2008

(and to a lesser extent in 2006), the proportion of successfully genotyped fish was closer

to expectations. As described, samples were collected from all fish encountered at the

hatchery, including some that may have died in the holding pens while awaiting spawn-

ing. It may be that many of the individuals that failed genotyping in 2008 had been

dead for some time, at which point natural processes of decay begin to degrade DNA.

To that point, disproportionately more fish were genotyped than reported spawned in

2008 as compared to other years (Table 3.1) and many of the individuals that failed

genotyping did not appear in mate pair records. Alternatively, spring-run fish may

have encountered warmer temperatures while holding in the river in 2008, which can

decrease available dissolved oxygen and encourage fungal infections to the detriment of

exposed fish (Pauley 1967, Allen et al. 1968). Anecdotally, samplers noted fungal and

algal growth on the caudal fins from which samples were collected, for some of these

individuals. Subsequent sampling efforts should target intact tissue as much as possible

and avoid areas potentially contaminated by fungus or algal growth.
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3.4.2 Parentage Assignments

Pedigrees were reconstructed with high confidence, as indicated by high max-

imum posterior probabilities and low FDR scores, and their accuracy was confirmed by

the records of mated pairs at the hatchery. For the years in which sampling allowed

for the recovery of the dominant three-year old age-class (2009-2012), the proportion

of offspring assigned to parents was almost 55%. However, the proportion of parent

pairs included in the parent database is critical to understanding the relative success

of assigning parentage. For example, an offspring would not be assigned parentage if

one or both parents were either not sampled or had been excluded for excessive missing

data. If it is assumed that adult sampling at the hatchery was comprehensive, then

the primary source for unassigned parentage is likely the exclusion of parents with low-

quality genotypes. Using the excluded proportion of possible parent pairs to correct

observed assignments, it is expected that ∼75% of offspring would have been assigned

parentage had their parents been retained in the parent database.

There are a number of possible explanations for the remaining proportion of

offspring that were not assigned to parents. Some parents may have spawned outside

of the study period (e.g. the parents of 4 year-old fish collected in 2009 would have

spawned in 2005), while others may simply have not been sampled, as in 2006 and 2009,

where the number of individuals genotyped was less than the number reported spawned

at the hatchery. Unassigned individuals could themselves be strays from elsewhere in the

Central Valley, however over the study period, only three individuals contained CWTs
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that indicated a source other than the FRH and therefore do not account for a large

number of missing assignments. The missing parents may also have spawned naturally

in the river outside of the hatchery, so they would not have been sampled and could not

be assigned offspring. Finally, the missing parents of some spring-run fish could have

spawned as part of the fall-run hatchery broodstock. The rate at which fall-run spawners

contribute subsequent spring-run spawners can be estimated by examining the pattern

of assignments to 2008 parents, when both the spring-run and fall-run broodstock were

sampled. Of the 592 individuals assigned to parents from 2008 (both runs), 353 were

subsequently spawned as spring-run in their collection year (as opposed to being fall-

spawn/spring-origin). And of these 2010, 2011 and 2012 spring-run spawners, almost

32% derived from parents that were spawned as part of the fall-run. This is likely

an upper-bound for the expected proportion of unassigned spring-run spawners from

fall-run parents, as four year-olds are underrepresented in the partial 2012 sample.

Regardless, this suggests that fall-run parents, not wild spawning fish in the river, are

the most likely source for spring-run fish that were not assigned parentage.

3.4.3 Heritability of Length-at-maturity

Body size is an important morphological trait for salmon at various stages

in their complex life history. At juvenile life stages, larger coho salmon (O. kisutch)

have been shown to experience higher over-winter survival (Quinn and Peterson, 1996),

higher rates of return at maturity (Bilton et al. 1982), and increased marine survival

(Holtby et al. 1990). In adults, larger females have higher fecundity while for males,
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larger body size has been correlated with increased social status and greater access to

spawning opportunities for males in multiple salmon species (Keenleyside and Dupuis

1988, Fleming and Gross 1994; Quinn and Foote 1994). Given these potentially strong

selective pressures on length, it is not surprising then that length-at-maturity should

have a heritable component (Ricker 1972). The estimates here of heritability of length-

at-maturity are within the range reported over multiple studies of salmonids (Carlson

and Seamons 2008) and directly comparable to those reported for captive stocks of

Atlantic salmon (Salmo salar; Refstie and Steine 1978) and Chinook salmon (Winkelman

and Peterson 1994). While these estimates of heritability of length-at-maturity are not

as high as those reported for age of maturity in Chinook salmon (Hankin et al. 1993) or

more recently, spawn timing in steelhead trout (O. mykiss; Abad́ıa-Cardoso 2013), they

do still provide evidence that a genetic component is available to be be acted upon by

selection.

The relationship between parent and offspring length was highly variable. This

may be attributed primarily to the fact that length, as determined by growth, must have

a significant environmental component. While larger size can confer a competitive ad-

vantage, growth is ultimately dependent on habitat and resource (food) availability, and

offspring encounter a different regime than their parents. It is possible that the inherited

component may provide the potential to reach some maximum length (similar to the

ultimate length described by Bertalanffy, 1938), however resources must be available to

reach this potential. The relationship between parent and offspring length-at-maturity

may also be confounded in this study by the age of maturity, which likely has a strong
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heritable component in Chinook salmon (Withler et al. 1987; Hankin et al. 1993). The

observed positive correlation could arise if, for example, four year-old parents were more

likely to give rise to offspring that returned at four years of age, or two year-old males

were more likely to have two year-old returning offspring. Without knowing the age of

both parents and offspring, I was not able to examine this effect directly, however, it

is clear from Figure 3.6 that the small (500-600mm), predominately two-year old male

offspring are descended from parents representing a diverse range of lengths and likely

ages. Furthermore, analysis indicated that three-year old fish predominate in both co-

horts and spawn years, suggesting that the majority of the length comparisons here are

between three-year old parents and three-year old offspring.

3.4.4 Age Structure of Returning Adults and Spawning Broodstock

Reconstructed pedigrees allowed for examination of the age structure in two

cohorts (following a group of offspring born in the same year through time) and two

full spring-run spawn groups. While age-structure of the spawning population is un-

doubtedly a product of interannual cohort strength, it is still an important parameter

that will benefit from baseline data collection. Though only a small sample of years,

evidence indicates high interannual variability in the relative distribution of two- three-

and four-year old fish in both cohorts and spawners. This variability is highlighted by

the large difference in the proportion of four-year old spawners beween 2010 and 2011.

Without baseline data on age structure at the FRH (which this study is providing for

future years there), this may represent a large pulse of primarily female four year-old
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spawners in 2011 or uncharacteristically few in 2010. In either case, if age-at-return does

indeed have a strong heritable component in Chinook (Withler et al. 1987; Hankin et al.

1993), these differences could lead to significant changes in the age structure of not just

the 2010 and 2011 cohorts, but also the age structure of spawn groups in subsequent

years. No five year-old fish were recovered with PBT, although only one opportunity

(in 2011) was available for detecting this age-class. While CWT data did indicate that

some five-year old individuals were present in the dataset (data not shown), these fish

were collected in years for which their parents would have been spawned outside of the

study period.

Two-year old males, also called jacks, were detected in all cohorts and spawn

years. This alternative life history strategy is well described in the species (Myers et

al. 1988), however it may be increasing in frequency due to fishing pressure (Ricker

1981, Hard et al. 2008) and release of hatchery-reared fish (Unwin and Glova 1997). It

has also been suggested that the random mating practices at hatcheries are imposing

a powerful selective force towards younger age-at-return, by including the spawning

of jacks, which in the wild, experience reduced opportunities for spawning and low

reproductive success. A mating regime that more closely resembles the natural spawning

hierarchy favoring large males is recommended (Hankin et al. 2009). At the FRH there

is not an explicit policy against spawning jacks, however, in practice they are discarded

at a higher rate than large fish and so receive fewer opportunities for reproductive

success (personal observation). A single female returning at two-years of age (termed

a jill) was also detected. While the presence of jills is uncommon, if returning two-
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year old females increase in frequency in the future, their presence could exacerbate

the shift towards early age-at-maturity. PBT offers a powerful tool for monitoring age

structure in hatcheries and, in the future, will allow for quantitative genetic study of

the inheritance of the trait.

3.4.5 Inbreeding and Reproductive Success

Inbreeding is a potentially serious negative consequence of artificial propa-

gation of salmonids in hatcheries (Wang et al. 2001; Waples 1991). At the level of

individuals, inbreeding results from matings between family members (i.e. siblings,

cousins, aunts/uncles, etc.). In the wild, salmon use their ability to identify kin (Quinn

1985; Olsen 1998) to avoid matings with close relatives (Landry et al. 2001; Rajakaruna

et al. 2006). Using parentage analysis to identify two-generation pedigrees, I assessed

the precise relationship of mated individuals for the 2012 collection of FRH brood-

stock to be used for reintroduction in the San Joaquin River, CA. Matings between

siblings has been shown to have serious consequences on fitness (Kincaid 1983, Wang

et al. 2001) and marine survival (Thrower and Hard 2009), and so was a primary con-

cern of project managers and scientists (Broodstock selection document; available at:

http://restoresjr.net/program library/02-Program Docs/StockSelectionStrategy2010Nov.pdf).

The analysis found no matings between full-siblings, however, almost 20% of individuals

spawned had a full-sibling in the broodstock. This was much higher than anticipated and

has motivated additional safeguards to evaluate and correct for related individuals in

future reintroduction efforts. It is important to note, that this type of individual-based
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analysis in large populations would be infeasible with any other tagging technology.

In future years of this project pedigree-based mate evaluation will be the norm,

however in the meantime, genetic estimates of relatedness can be used to evaluate in-

breeding at a population level. In this sense, inbreeding results from matings between

individuals that are more related than average, as opposed to having a specific known

relationship (Queller and Goodnight 1987). Little evidence was found for high levels

of inbreeding in any of the broodstock samples analyzed. Estimates were highest for

the large fall-run collection, but the overall distribution of relatedness conformed to

expectations. The finding that reproductive success is correlated with lower levels of

parental relatedness is novel in Chinook salmon, but has been shown to be a major de-

terminant of survival for small captive stocks of coho salmon (O. kisutch; Conrad et al.

2013). However, the high variability in this relationship suggests that breeding practices

in large hatchery programs intended to limit close kin matings may not impact repro-

ductive success as much as stochastic environmental effects. Management guidelines at

the FRH call for one-to-one matings between males and females, however the expected

number of offspring from inbred matings may be unchanged. For the FRH, the almost

identical patterns of reproductive success for males and females and the identification

of only two half-sibling relationships confirms that the desired mating scheme is being

implemented in practice at the hatchery. A similar analysis of breeding practices in

a California steelhead program revealed that hatchery procedures concerning re-use of

males and spawning of two-year olds were vastly different in practice than as specified

in management goals (Abad́ıa-Cardoso et al. 2013).
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Using the results of the reproductive success analysis, a positive correlation

between female body size and the number of her offspring that return in subsequent

years was detected. For females, larger body size allows for the production of more

eggs and increased chance of reproductive success. It is somewhat surprising that this

effect is detected with adult offspring, after the many high-mortality stages (emergence,

outmigration, ocean entry, etc) encountered during their life history. However, increased

survival of offspring from large females may be mediated by the heritable component

of size. Offspring size at early life stages has been shown to be largely determined by

maternal size in Chinook (Heath et al. 1999), and here I show that correlations with

parental size persist into adulthood. This indicates that the size advantage conferred

upon offspring by their parents may have important implications for future survival and

potential reproductive success.

3.4.6 Fishery Assignments

Parentage-based tagging has been proposed as an alternative to coded-wire

tags for management of Pacific salmonids (Hankin et al. 2005, Garza and Anderson

2007). While CWTs are used in components of hatchery management, their primary

purpose is to identify the stock and age of individuals captured in mixed-stock ocean

fisheries, for input into the cohort-based mortality models used by management agencies

(i.e. PSC, PFMC). Here I was able to perform a direct comparison between the ge-

netic and traditional tagging methods, as 100% of the FRH spring-run receives CWTs.

Parentage-based analysis identified the majority of individuals containing coded-wire
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tags, despite a large number of excluded parent-pairs for two-year old fish. PBT also

identified nine additional fish that should have had an FRH spring-run tag and one

individual with a CWT reported from the wrong hatchery. This suggests that CWT

error/loss rates may be as high as 14%, which is much higher than what is generally

reported and expected (Johnson 2004). If indicative of the CWT program in general,

error rates of this magnitude would undoubtedly influence the output of fishery harvest

models.

Analysis of the ocean fishery samples further demonstrates the ability of PBT

to provide stock-specific age distribution for fish encountered by the commercial fleet

– the exact data needed for current management models. Furthermore, the high con-

fidence of assignments shows that the statistical tools for assigning parentage, as well

as the statistical power of the SNP panel, scale to the magnitude of the problem. In a

high fecundity species like salmon, pedigree reconstruction can be extremely challenging

because of the sheer number of possible parent-offspring trios that must be evaluated.

For example to assign parentage for the 2012 ocean fishery sample, 7×109 possible trios

were examined; in the analysis unconstrained by spawn date or sex, this number was

6.7×1010. This is the largest parentage analysis reported for a salmonid species us-

ing SNPs (Abad́ıa-Cardoso et al. 2013; Steele et al. 2013), and would not have been

computationally possible with the previous generation of tools for assigning parentage

(Anderson and Garza 2006, Jones et al. 2009, Hauser et al. 2011, Anderson 2012).
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3.5 Conclusions

This study describes the large-scale genetic tagging of a hatchery Chinook

salmon population by pedigree reconstruction. I demonstrate the power of SNP markers

for accurate parentage assignment in this high fecundity species and show that genetic

tags are capable of providing data comparable to current physical tags for fishery man-

agement. This tagging methodology also provides multigenerational pedigrees, which

can be used to investigate population features, and how they change over time or in

response to management actions. As illustrated here, pedigrees can be used to measure

heritability of phenotypic traits, variance in reproductive success, and age structure in

a population. This work also establishes a baseline for a variety of population genetic

parameters, to which future generations can be compared. In subsequent years, as two-

and three-generation pedigrees accumulate, I will investigate in even greater detail the

quantitative genetic component of heritable life-history traits. This information will be

used to formulate future management strategies and direct scientific investigations. The

experiment described here should provide ample evidence that adoption of parentage-

based tagging at hatcheries is not only technically feasible, but can provide important

inference to guide genetic management of populations.
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Conclusions and Future Directions

Chinook salmon is the largest species of Pacific salmonid and is the focus of

highly valuable fisheries throughout the northern Pacific Ocean. Their complex life his-

tory exposes them to impacts in both the freshwater and marine environments and has

led, in some cases, to severe population declines. Government agencies have tradition-

ally mitigated the terrestrial and aquatic ecosystem impacts responsible for salmonid

population declines with production of fish in hatcheries and subsequent population

supplementation; millions of Chinook salmon originate in hatcheries each year and can

be the majority of fish in some populations. Wild and hatchery stocks comingled in

ocean fisheries can vary widely in productivity and abundance and the proportion of

fish from different populations in mixed-stock ocean fisheries has important implications

for harvest management and conservation. Without precise information on their ocean

distribution, managers have few options for protecting depressed or at-risk stocks from

fishery impacts other than shutting down or curtailing fisheries over broad areas. Hatch-

ery fish are currently accounted for in ocean fisheries through the use of coded-wire tags.

These tags provide the age and source stock of fish, which is then used in cohort-based

models to inform fishery management decisions. However, the coded-wire tagging pro-
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gram is aging and inefficient, suffering from extremely low tag recovery rates, and it

has been recommended that alternative methods be explored. The work described here

provides a powerful alternative to the coded-wire tagging program, capable of increas-

ing both the quantity and quality of data used to manage this important resource on

the West Coast of North America. Furthermore, the genetic methods employed here

provide a broad range of corollary benefits, primarily in the form of large numbers of

multi-generational pedigrees, which can be used not only to better monitor and manage

hatchery supplementation programs, but also to understand the heritable basis of a

wide range of important physical traits in the species.

The current generation of genetic tools for studying Pacific salmonids depends

primarily on microsatellite markers. We have detailed here the numerous shortcom-

ings of microsatellites for our desired applications and have shown that a transition

to SNP markers will provide the high-throughput capacity, low-error rates and simple

data portability necessary for the next generation of management methodologies. De-

spite limited genomic resources for Chinook salmon, our sequencing effort using ESTs

from steelhead trout was very successful, yielding 117 new SNP assays and more than

doubling the number of SNP markers described for the species. Furthermore, our bal-

anced ascertainment and sequencing strategy generated SNPs with both high minor

allele frequencies in our focal populations and sufficient power for discriminating popu-

lations on a coastwide scale. Many of these markers are already in broad use for genetic

investigations throughout the species’ North American range.

We then assembled a panel of 96 SNPs and provided a comprehensive power
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analysis demonstrating its ability to identify Chinook salmon caught in the California

Current Large Marine Ecosystem to their management unit or population of origin.

Again, because of the balanced ascertainment strategy employed during SNP develop-

ment, the baseline is also useful in fisheries north of the Columbia River. In a direct

comparison with data from coded wire tags, we show that the GSI baseline provides

results that are 99% concordant with the physical tags. Furthermore, using GSI, consid-

erably more fish can be identified to reporting unit, including fish from natural stocks. In

the future, this baseline can be easily extended, simply by genotyping new populations

with the same set of SNP markers. Work is already underway to use GSI assignments

together with GPS locations of sampling to correlate specific stocks with oceanographic

conditions and underwater features. Efforts are also being made to incorporate GSI

information into current ocean harvest models.

Finally, our research demonstrates that the same panel of SNP markers, which

effectively provides coastwide (California, Oregon and Washington) resolution for GSI,

also retains abundant power for large-scale parentage analysis. Since PBT does provide

age and stock information and the entirety of hatchery production can be tracked by

simply collecting genotypes from broodstock at spawning, cohort-based ocean harvest

models stand to benefit tremendously from increased tagging and recovery rates. Such

genetic tagging, and the analysis of the associated pedigrees, will also have considerable

importance in understanding the effects of hatchery practices on life history parameters

and fitness. As pedigrees become extensive we will be able to estimate the heritability of

important traits in even greater resolution and they will serve as the basis for detailed
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linkage maps and associated mapping of quantitative trait loci. The ultimate goal

is an integrated GSI/PBT program, where all fish genotyped with the same set of

markers can yield biological inference, either individual identification when parents are

sampled (or a fish is recaptured), or population assignment using a baseline reference

database if they are not directly linked to other sampled individuals in a pedigree. If

implementation of PBT expands to all hatcheries, as is currently happening, we can

expect that the advances in genetic resources and methods described here will foster

fundamental improvements in the way salmon populations are studied, monitored and

managed.
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