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Forage fish are key trophic links in coastal ecosystems, transferring energy from lower to 

higher trophic levels. In the Pacific Northwest, herring are one of the most abundant forage fish 

species and are prey for a wide variety or organisms. Additionally, human inhabitants of the region 

have used herring as a food resource for millennia, and archaeological research has demonstrated 

that herring bones are among the most abundant fish remains unearthed from ancient village sites. 

Given the importance of herring to the coastal ecosystem and human livelihoods, there is 

considerable interest in sustainably managing the fisheries which target this species. However, 

management is complicated by limited knowledge of herring population structure and a lack of 

long-term temporal data on population diversity. In this dissertation, I (i) develop a laboratory 

protocol to remove intraspecific contamination from tissues that is compatible with restriction site-



 

associated sequencing, (ii) investigate the mechanisms driving genetic differentiation between 

herring populations, using genomic data collected from wild spawning aggregations, and (iii) 

quantify the relative contributions of genetically distinct herring populations to food supplies over 

the last millennium, using ancient DNA extracted from herring bones.  
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Chapter 1. Intraspecific DNA contamination distorts subtle population 

structure in a marine fish: decontamination of herring samples before 

restriction site-associated sequencing and its effects on population genetic 

statistics  

ABSTRACT 

Wild specimens are often collected in challenging field conditions, where samples may 

be contaminated with the DNA of conspecific individuals. This contamination can result in false 

genotype calls, which are difficult to detect, but may also cause inaccurate estimates of 

heterozygosity, allele frequencies, and genetic differentiation. Marine broadcast spawners are 

especially problematic, because population genetic differentiation is low and samples are often 

collected in bulk and sometimes from active spawning aggregations. Here, we used contaminated 

and clean Pacific herring (Clupea pallasi) samples to test (i) the efficacy of bleach 

decontamination, (ii) the effect of decontamination on RAD genotypes, and (iii) the 

consequences of contaminated samples on population genetic analyses. We collected fin t issue 

samples from actively spawning (and thus contaminated) wild herring and non-spawning 

(uncontaminated) herring. Samples were soaked for 10 minutes in bleach or left untreated, and 

extracted DNA was used to prepare DNA libraries using a restriction-site associated DNA 

(RAD) approach. Our results demonstrate that intraspecific DNA contamination affects patterns 

of individual and population variability, causes an excess of heterozygotes, and biases estimates 

of population structure. Bleach decontamination was effective at removing intraspecific DNA 

contamination and compatible with RAD sequencing, producing high-quality sequences, 

reproducible genotypes, and low levels of missing data. Although sperm contamination may be 

specific to broadcast spawners, intraspecific contamination of samples may be common and 

difficult to detect from high-throughput sequencing data, and can impact downstream analyses.  
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INTRODUCTION 

High-throughput DNA sequencing has advanced the field of molecular ecology by 

enabling comprehensive investigations of genetics and genomics in non-model species 

(Allendorf et al. 2010, Ekblom and Galindo 2011, Andrews et al. 2016). However, high-

throughput sequencing is sensitive to the contamination of samples with exogenous (non-target) 

DNA. Errors introduced by interspecific DNA contamination have been identified in whole 

genome assemblies (Longo et al. 2011, Koutsovoulos et al. 2016), ancient DNA (Campana et al. 

2014), and metagenomic datasets (Schmieder and Edwards 2011). To address the problem of 

interspecific contamination, bioinformatic tools have been developed to remove exogenous DNA 

from sequence data (Schmieder and Edwards 2011) before contaminated sequences are 

incorporated into downstream analyses. These methods typically identify non-target sequences 

by aligning them to databases of common contaminating species; as a result, they cannot be used 

to detect intraspecific contamination caused by the unintentional mixing of DNA between 

individual samples of the same species.   

Intraspecific contamination may profoundly affect downstream analysis, even though it 

can be hard to detect in raw data. False heterozygotes inflate measures of observed 

heterozygosity (Jun et al. 2012) and genetic diversity, and can lead to biased estimates of allele 

frequencies and genetic differentiation. In species with weak population structure, contamination 

may either obscure true differentiation or, alternatively, suggest significant genetic 

differentiation where none exists.  

Some bioinformatic tools have been developed to screen sequences for intraspecific DNA 

contamination (Jun et al. 2012, Flickinger et al. 2015), but these tools were primarily developed 

for human re-sequencing studies; as such, they require pre-existing baseline data on population 
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allele frequencies or high-coverage individual genotypes to identify contaminated individuals. 

These types of genomic resources are oftentimes unavailable for non-model species and 

consequently little attention has been given to the potential problem of intraspecific DNA 

contamination in most molecular ecology studies.  

Intraspecific contamination can be particularly problematic in studies of wild populations 

of non-model organisms. First of all, samples are often collected in challenging or remote field 

conditions, where access to resources such as sterile water and clean tools is limited. In addition, 

field sampling can involve the bulk collection of multiple individuals. For example, animals such 

as fish or insects may be caught in nets where numerous individuals are in close contact with 

each other’s tissues or bodily fluids, increasing the risk of intraspecific contamination (Mitchell 

et al. 2008, Greenstone et al. 2012). More generally, laboratory errors during sample handling or 

DNA library preparation can also result in intraspecific DNA contamination (Sehn et al. 2015), 

and the common use of Illumina adapters during high-throughput sequencing (such as restriction 

site-associated DNA (RAD) sequencing (Baird et al. 2008), means that any exogenous DNA 

present in a sample could be amplified during PCR.  

One of the standard methods to decontaminate samples is treatment with bleach; this 

approach has been used to clean bone samples before sequencing of ancient DNA (Kemp and 

Smith 2005, Yang and Watt 2005), as well as fresh tissue samples for microsatellite (Mitchell et 

al. 2008) and mitochondrial analysis (Greenstone et al. 2012). However, traditional microsatellite 

and mitochondrial sequencing, as well as high-throughput sequencing of ancient DNA, can 

utilize short DNA fragments as template. In contrast, RAD sequencing requires very high-quality 

DNA with intact restriction sites, otherwise there is a dramatic reduction in the number of raw 

sequences produced (Graham et al. 2015). Given that bleach decontaminates samples by 
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degrading surface DNA (Kemp and Smith 2005), the effect of bleach on the quality and quantity 

of endogenous sequence reads produced by RAD sequencing is currently unknown. Therefore, 

bleach treatment may affect downstream analyses, even if decontamination were successful.  

Here, we used contaminated and clean Pacific herring (Clupea pallasi) samples to test (i) 

the efficacy of bleach decontamination, (ii) the effect of decontamination on RAD genotypes, 

and (iii) the consequences of contaminated samples on population genetic analyses. By 

combining these results, we identified the impacts of contamination on population genetic 

analyses and empirically validated an approach aimed at minimizing contamination that is 

compatible with RAD sequencing. 

MATERIALS AND METHODS 

Sample collection 

Sexually mature Pacific herring were collected immediately prior to or during active 

spawning events using seine nets or hook and line fishing gear (Table 1-1). Adult herring were 

sampled from genetically differentiated populations with different spawn timing (Small et al. 

2005, Mitchell 2006, Beacham et al. 2008); our study included samples from the “primary-

spawning” populations of Quilcene Bay (WA) and Spiller Channel (BC), and the “late-

spawning” population from Cherry Point (WA).  The sexual maturity of each individual was 

visually determined following the guidelines described in Bucholtz et al. (2008). During 

sampling, herring sperm was clearly visible in the water column and fish readily released 

gametes when slight pressure was applied to their abdomen. The density of sperm in the water 

column during a herring spawn may be as high as 80-210 sperm/mL (Hourston and Rosenthal 

1976), resulting in considerable intraspecific DNA contamination (Mitchell et al. 2008). Thus, 

our samples were likely contaminated with the DNA of multiple herring. Fin or muscle tissue 
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samples were taken from each individual and immediately stored in 100% ethanol in individual 

vials. 

Captive juvenile herring that were sexually immature were used as an uncontaminated 

control group. Juvenile herring were reared at the United States Geological Survey (USGS) 

Marrowstone Marine Field Station, WA, from fertilized eggs collected at Cherry Point, WA 

(Table 1-1). Herring were individually caught from aquaria and euthanized using tricaine 

methanesulfonate (MS-222). Fin tissue from each individual fish was sampled immediately and 

samples were preserved in 100% ethanol. To minimize the risk of cross-contamination during 

sampling, a new scalpel was used for each fish, and other sampling equipment (e.g., tweezers, 

cutting mats) was cleaned with 10% bleach solution followed by three rinses of distilled water 

and flame sterilization.  

Experimental assessment of bleach treatment 

Tissue samples taken from wild adults (N = 17) and captive juveniles (N = 20) were split 

into two pieces (approximately 2 mm2) and exposed to the following experimental treatments: 

1. Null treatment: samples were stored in 100% ethanol until DNA extraction.  

2. Bleach treatment: Following a modified protocol of Mitchell et al. (2008), samples were 

placed in individual tubes and immersed in 180 µL of 0.12% sodium hypochlorite (bleach) 

(Sigma-Aldrich, St. Louis, MO, USA) for ten minutes. During bleach incubation, samples were 

vortexed at medium-high speed. Subsequently, we removed bleach from the tubes and added 200 

µL of Milli-Q purified water (Millipore, Bedford, MA, USA). Samples were vortexed for one 

minute at medium-high speed, after which Milli-Q water was removed and fresh Milli-Q water 

was added to the tube. This water rinse was repeated five times, and samples were stored in 

100% ethanol until DNA extraction.  
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To estimate genotyping error rates within and between treatment groups, five juvenile 

herring were subsampled in replicate, and both subsamples were subjected to both experimental 

treatments. In addition, we also created four “dirty cocktails” as reference positive controls for 

DNA contamination. Each dirty cocktail contained 25 ng/ µL of DNA from four different 

juvenile herring in equal proportions.  

We tested the reproducibility of the bleach treatment by implementing it on a large 

number of spawning adult herring (N = 194). These fish were sampled from the same geographic 

location as the herring that were used in the null and bleached treatments (Table 1-1).  

DNA library preparation and sequencing 

Genomic DNA was extracted from each subsample using the Qiagen DNeasy Blood and 

Tissue Kit (Qiagen, Valencia, CA, USA). DNA was visualized with agarose gel electrophoresis 

to assess DNA quality and quantified with the PicoGreen dsDNA Assay Kit (Invitrogen, 

Waltham, MA, USA). We standardized the DNA concentration of each sample to 25 ng/ µL.  

 As an initial check for contamination, six microsatellite loci (Cpa-8, Cpa-104, Cpa-113 

(Miller et al. 2001) and Cpa-106, Cpa-107a, Cpa-111 (Olsen et al. 2002)) were used  by the 

Washington Department of Fish and Wildlife Molecular Genetics Laboratory to screen every 

sample that was present in both the bleach and null treatment groups (N = 37), following the 

protocol of Olsen et al. (2002). Alleles were scored on Peak Scanner 2 (Life Technologies, 

Carlsbad, CA, USA). In the microsatellite data, we defined contaminated samples as those 

containing more than two alleles at any locus.  

 We followed the protocol of Etter at al. (2011) to prepare DNA libraries for restriction-

site associated (RAD) sequencing. Depending on availability, 200 to 500 ng (depending on 

availability) of genomic DNA per individual was digested with the restriction enzyme SbfI (New 
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England Biolabs, Ipswich, MA). Samples were individually labeled using a custom set of 96 

barcodes (Integrated DNA Technologies, San Diego, CA) and groups of 12 samples were pooled 

into libraries that were sheared to a length of approximately 500 base pairs (bp) using a 

Bioruptor sonicator (Diagenode, Denville, NJ). We modified the Etter et al. (2011)  protocol by 

using AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) to size-select DNA 

fragments (300-500 bp) and purify DNA products. However, all other steps (blunt-end repair, 3’-

dA overhang addition, P2 adapter ligation, PCR) were conducted as described in Etter at al. 

(2011). After PCR, the DNA concentration of each library was quantified using the PicoGreen 

dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA). We standardized the concentration 

of each library to 10 nM and pooled libraries such that 48 individuals were sequenced per lane of 

an Illumina HiSeq 2500 (Illumina Inc., San Diego, CA) at the University of Oregon Genomics 

Core Facility. The resulting sequences were single-end and 100 bp in length.   

Bioinformatics analyses 

We used the process_radtags script in Stacks version 1.39 (Catchen et al. 2013) to 

demultiplex individual samples, remove sequences with low quality scores (Phred score < 10), 

and trim sequences to a length of 90 base pairs. The quality of sequencing data was assessed 

using FastQC (http://www.bioinformatics.babraham.ac.uk /projects/fastqc/). 

Following the protocol of Brieuc et al. (2014), we created a reference database of herring 

RAD loci to facilitate sequence assembly and locus identification. The reference database was 

built using juvenile samples (null treatment) that had at least 1.5 million sequences (N = 19). 

First, we assembled sequences and identified loci in these samples using the de novo locus 

discovery pipeline in Stacks. Loci within each sample were allowed to have up to three 

nucleotide mismatches (ustacks, M = 3) and each allele had to be sequenced at a minimum depth 
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of 5X to be retained in the analysis (ustacks, m = 5). Subsequently, we removed loci with tandem 

repeat units using Blast version 2.2.25 (Altschul et al. 1990) and bowtie version 0.12.7 

(Langmead et al. 2009) as described in Brieuc et al. (2014).  

All sequenced samples (N = 280) were aligned to the reference database of RAD loci 

using bowtie, allowing up to three nucleotide mismatches between the reference and query 

sequences. Sequences that aligned to the database were subsequently processed with the pstacks 

script in Stacks to identify loci in each sample (minimum depth of coverage to report a stack = 

10; SNP model, alpha = 0.05). We filtered out low-quality samples by only retaining those that 

contained at least 20,000 RAD loci after pstacks. To maximize the number of loci retained, a 

catalog of loci was constructed in cstacks using a subset of the ten most deeply sequenced 

individuals (bleach treatment) from each sampling location. All samples were genotyped using 

sstacks and we only retained loci that were present in 80% of samples from each treatment 

group.  

We removed possible sequencing errors by filtering the SNPs discovered by Stacks.  A 

custom python script published in Brieuc et al. (2014) were used to retain only loci with two 

haplotypes and to re-score genotypes. This method designates a heterozygote genotype if each 

allele is sequenced at least twice and the locus is sequenced to a depth of at least ten reads. 

Subsequently, we filtered out loci and individuals that had more than 20% missing data. Loci 

characterized by very low minor allele frequencies were filtered from the final dataset; a minor 

allele had to be present in at least one of the treatment groups at a frequency of 0.05 for that 

locus to be retained in downstream analyses. Finally, we tested for deviations from Hardy-

Weinberg equilibrium (HWE) using the exact test based on 1,000 Monte Carlo permutations of 

alleles, as implemented in the R package pegas (Paradis 2010). Loci that were out of HWE in 
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every one of the population genetic samples (Cherry Point, Quilcene Bay, and Spiller Channel) 

were removed from the analysis. As a final assessment of locus assembly, we followed the 

recommendations of Paris et al. (2017) and aligned the filtered set of loci to the Atlantic herring 

genome using bowtie2 version 2.2.6 (Langmead and Salzberg 2012). We also estimated per-

locus FIS at each sampling location using Genepop version 4 (Rousset 2008). 

Individual multilocus heterozygosity (HI), the number of heterozygous loci divided by the 

total number of loci genotyped, was calculated for each sample. Our expectation was that 

contaminated samples would be characterized by higher values of HI than the uncontaminated 

control group (juvenile herring) because they would contain alleles from multiple individuals. 

Variation in multilocus heterozygosity among uncontaminated individuals and populations was 

expected to be small, as Pacific herring are characterized by large population sizes, low 

inbreeding and low genetic population differentiation (Small et al. 2005, Mitchell 2006, 

Beacham et al. 2008).     

In addition, we tested whether bleach degraded target DNA and introduced error to the 

data by comparing the genotypes of identical juvenile herring in the null and bleach treatment 

groups (N = 20). This error was quantified as the number of genotype mismatches observed 

between replicate extractions from the same individual (N = 5). A Wilcoxon signed-rank test was 

used to assess whether the mean genotype mismatch rate differed between replicate samples and 

treatment groups (α = 0.05).  

Population structure 

We investigated the effect of intraspecific DNA contamination on patterns of population 

structure by analyzing samples in the null and bleached treatment groups in combination with the 

larger number of bleached samples. First, we conducted a principal components analysis (PCA) 
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using the R-package adegenet (Jombart 2008). We also conducted an analysis with Structure 

version 2.3.4 (Pritchard et al. 2000) using two different subsets of the data: the first set included 

all samples, while the second included only bleached samples whose HI was within the range 

observed in uncontaminated juvenile samples. We implemented the admixture model and 

allowed allele frequencies to be correlated among populations. Sampling location was used as 

prior information (LOCPRIOR model), which can help detect clusters when population structure 

is weak (Hubisz et al. 2009). Three repetitions of the model were run for each value of K 

(number of clusters) ranging from one to six. All runs consisted of 20,000 burn-in steps followed 

by 50,000 Markov chain Monte Carlo steps. We subsequently used structure harvester (Earl and 

vonHoldt 2012) to visualize likelihood values for different values of K and calculate the ad-hoc 

statistic ΔK to identify the highest hierarchical level of clustering in our data set (Evanno et al. 

2005). 

To further investigate the effects of contamination and bleach treatment on measures of 

population structure, populations were divided into 39 subsamples of approximately six 

individuals (range = 4 to 7 individuals), the sample size of the smallest collection of 

contaminated individuals from a single location. A recent study (Willing et al. 2012) showed that 

a small number of individuals (N= 4-6) can be used to obtain unbiased estimates of FST when  

large numbers of loci (N > 1,000) are genotyped. Pairwise FST (Weir and Cockerham 1984a) 

between subsamples was calculated in Genepop version 4 and used for non-metric 

multidimensional scaling (nMDS) in Primer 6 (Clarke and Gorley 2006). Observed and expected 

heterozygosity were calculated in GenAlEx version 6.5 (Peakall and Smouse 2012), and FIS 

(Weir and Cockerham 1984b) was estimated in Genepop version 4 (Rousset 2008). To compare 

differentiation with and without contaminated individuals, hierarchical AMOVAs were 
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calculated in Arlequin version 3.52 (Excoffier and Lischer 2010), using two alternative 

groupings. In the first comparison, groups were defined by population (Cherry Point; Quilcene 

Bay; Spiller Channel) and subgroups consisted of the two different treatments (bleach, null). In 

the second comparison, groups were defined by population and subgroups consisted of 

subsamples of individuals (N= 4-7); different iterations of this AMOVA were conducted 

excluding untreated individuals and HI outliers. 

RESULTS 

Sequencing and genotyping 

We successfully genotyped 92% of individuals at three or more microsatellite loci. Six 

out of 17 adult herring in the null treatment group displayed more than two alleles per 

microsatellite locus, indicating that they were contaminated with the DNA of multiple herring. 

Treatment with bleach appeared to remove contamination from all but one of the samples. None 

of the 20 juvenile herring had more than two microsatellite alleles after either treatment, 

demonstrating lack of contamination and confirming our hypothesis that sample contamination 

was caused by the presence of sperm in the water column in wild spawning aggregations.  

A reference database of RAD loci was built using sequences from 19 juvenile herring in 

the null treatment group; one individual was excluded from the database because it contained 

fewer than 1.5 million raw sequences. A total of 29,551 putative loci were initially identified, 

and 28,997 loci were retained in the reference database after filtering out loci with tandem 

repeats and highly repetitive sequences.   

 After removing loci that were out of HWE in every population, we identified 3,502 

biallelic RAD loci that were sequenced at a minimum read depth of 10 sequences in more 

than 80% of individuals and had a minor allele frequency that exceeded 0.05 in at least one 

of the populations. We found that 93% of these loci aligned exactly once to the closely-
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related Atlantic herring genome. Locus-specific estimates of FIS were distributed around 

zero ( 

Supplemental Figure 1-1), which is concordant with expectations under HWE. A total of 240 

herring had less than 20% missing genotypes and were retained in the final data set. 

Sequencing quality was robust and genotyping error was low for juvenile samples in the 

null and bleached treatment groups. Juvenile samples treated with bleach were characterized by 

slightly more sequences containing the restriction site (RADtags), loci per sample, and average 

read depth (Figure 1-1). However, the genotype mismatch rate between treatments in the 

replicated juvenile individuals was very low (1.8 ± 1.4%, mean ± SD), and similar to repeated 

bleach treatments (1.4 ± 1.3%). The distribution of genotype mismatches did not differ 

statistically between replicate individuals in the same (bleached) or across (null vs. bleached) 

treatment groups (Wilcoxon sign rank test, p = 0.55), indicating that treatment with bleach does 

not alter the endogenous (“true”) genotype of a sample. 

Impacts of contamination on individual level variation 

As expected, multilocus individual heterozygosity (HI) was higher in the untreated adult 

samples than in any samples that were cleaned with bleach (Figure 1-2). Samples in the dirty 

cocktail group (N= 4) exhibited high HI (median = 0.45) but low variation in HI among 

individuals (25th and 75th quantiles = 0.44 - 0.46). In comparison, adult herring samples in the 

null treatment group (N =11) had slightly lower but more variable HI (median = 0.41, 25th and 

75th quantiles = 0.31-0.42), but the maximum HI observed in this group was as high as 0.60. 

Adult herring samples treated with bleach (N = 174), were characterized by much lower HI 

(median = 0.18, 25th and 75th quantiles = 0.17 - 0.20). These values were similar to that observed 

for non-spawning juvenile herring (N = 20), in the null (median HI = 0.18, 25th and 75th quantiles 

= 0.17 – 0.19) and bleach (median HI = 0.18, 25th and 75th quantiles = 0.18 – 0.20) treatments. 
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However, there was some evidence for residual contamination in cleaned adult samples, as 8% 

(14/174) of those samples had HI that was above the range observed in juvenile samples (Figure 

1-2).  

Intraspecific contamination affected patterns of individual differentiation, as shown by 

PCA (Figure 1-3). When all samples were included in the same analysis, most of the variation 

was driven by contaminated adult samples (Figure 1-3). When these contaminated samples were 

removed from the analyses, less variation was explained by the first axis but outlier samples 

were still evident (Figure 1-3). These samples consisted of 14 adult herring that were treated with 

bleach but whose HI was relatively high (between 0.25 and 0.34) and exceeded the maximum 

value observed in juvenile samples (0.23); we hereinafter refer to these samples as HI outliers. 

Once these HI outliers were removed from the analysis, Cherry Point adults and juveniles 

clustered separately from Quilcene Bay and Spiller Channel samples (Figure 1-3). Furthermore, 

cleaned adult samples collected from two different years at Cherry Point clustered together with 

juvenile samples originating from the Cherry Point population. 

  Multiple runs of Structure identified K = 2 as the most likely number of groups when 

only cleaned data were included in the analysis. This result was supported by estimates of the 

posterior probability of the data given K clusters (LnP(D)) and ΔK (Figure 1-4). Fish collected at 

Cherry Point (adults and juveniles) formed a distinct cluster, while fish collected at Quilcene Bay 

and Spiller Channel strongly assigned to a second cluster. In contrast, when all samples 

(including contaminated adults) were included in the same Structure analysis, LnP(D) and ΔK 

did not converge on the same answer (Figure 1-4). The posterior probability of the data given K 

clusters was highest at K = 4, while the distribution of ΔK showed peaks at both K = 2 and K = 4 

(Supplemental Figure 1-2). At K = 2, the estimated ancestry coefficient of bleached samples was 
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symmetric across all sampling locations (Q = 0.82 ± 0.02, mean ± SD), while it was quite 

different for contaminated samples (Figure 1-4).  At K = 4 the same pattern was observed, 

although population differentiation was more apparent in both clean and contaminated samples 

(Figure 1-4). In all cases, however, all individuals appeared to be highly admixed, most likely 

because of low population differentiation.  

Impacts of contamination on estimates of population structure 

Similar and considerable effects of contamination were apparent for population 

parameters (He, FIS, FST) estimated from subsamples of individuals drawn from each herring 

population (Cherry Point, Quilcene Bay, and Spiller Channel). All contaminated subsamples and 

the ‘dirty cocktail’ had a more negative FIS (indicating an excess of heterozygotes) and higher 

expected heterozygosity values than bleached adult subsamples lacking HI outliers 

(Supplemental Figure 1-3). In addition, subsamples of juvenile herring had similar values of 

heterozygosity and FIS before and after bleaching. Most adult subsamples had similar 

heterozygosity and an FIS close to zero after bleaching, especially when HI outliers were 

removed. 

Contamination also had a clear effect on genetic differentiation between subsamples of 

individuals selected from the same population. Subsamples containing highly contaminated 

individuals were outliers in the nMDS analysis (Figure 1-3). Both the ‘dirty cocktail’ and the 

unbleached adult subsamples exhibited high differentiation from bleached subsamples taken 

from the same population (Figure 1-3, FST= 0.015 - 0.070). After bleaching, adult herring 

subsamples taken from the same population were less differentiated from each other (Figure 1-3, 

FST= -0.009 - 0.019), although subsamples containing HI outliers exhibited higher differentiation 
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(Fig 3E, FST= 0.016-0.028). The lowest FST values were observed between the bleached and 

unbleached replicate subsamples of the same juvenile individuals. 

Hierarchical AMOVAs demonstrated that contamination can inflate underlying genetic 

population differentiation (Table 1-2). When contaminated individuals were included in 

comparisons of population and treatment (Table 1-2, AMOVA 1), the differentiation between 

treatment groups from the same population (FSC) was greater than the differentiation observed 

between distinct populations (FCT). When contaminated individuals were included in an 

AMOVA using subsamples of individuals (Table 1-2, AMOVA 2), contamination inflated the 

overall FST. Contamination also increased the differentiation between population groups (FCT) as 

well as the differentiation among subsamples within a population (FSC). Adding individual level 

analyses into the AMOVA did not change these trends, although the presence of contaminated 

samples was clearly indicated by more negative FIS values. 

DISCUSSION  

Effects of contamination 

Our results demonstrate that intraspecific DNA contamination affects patterns of 

individual and population variability, causes an excess of heterozygotes, and biases estimates of 

population structure. However, contamination could be easily removed, and treatment of tissues 

with bleach did not affect the quality of resulting sequencing results. Our results therefore 

highlight the importance of identifying and removing contamination in tissues intended for RAD 

sequencing.  

Signals of intraspecific DNA contamination are more subtle in SNPs compared to 

microsatellite loci. In highly variable markers such as microsatellites, heavily contaminated 

individuals are easily identified by the presence of more than two alleles (in a diploid species) at 
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a single locus (Mitchell et al. 2008). In contrast, contaminated samples genotyped at biallelic 

SNPs simply exhibited higher individual heterozygosity (HI) relative to uncontaminated sample. 

Nevertheless, SNP data appeared more sensitive to contamination than microsatellites: while 

only 35% of unbleached adult herring had three or more microsatellite alleles per locus, 82% of 

those same samples exhibited elevated HI relative to juvenile herring.  

These findings underscore the utility of using clean samples to estimate empirical 

distributions of HI. A modest number of clean reference samples can be used to construct a 

baseline for comparison with potentially contaminated samples using the simple metric of HI. 

Furthermore, HI is a standard metric that is commonly reported in population genetic studies 

(Hoffman et al. 2014, Kjeldsen et al. 2016, Tarpey et al. 2017). To our knowledge, this is the one 

of the first studies of wild populations to examine patterns of HI as a quality-control measure, 

even though a related metric (ratio of heterozygous/non-reference homozygous sites) is 

commonly used in the quality control of human genomic data (Wang et al. 2015). We 

recommend that researchers examine the distribution of HI in their data across individuals and 

populations, and carefully consider whether outlier samples could be caused by intraspecific 

DNA contamination.  

However, we recognize that interpreting HI outliers in species with very small effective 

population sizes or inbreeding could be more complicated. Individual heterozygosity and 

inbreeding are strongly correlated with each other when population sizes are very small and 

mating systems are highly skewed (e.g. polygyny, selfing) (Balloux et al. 2004, Hoffman et al. 

2014). Therefore, if individual heterozygosities were highly variable between individuals and/or 

populations, higher values of HI in outbred individuals, immigrant individuals, or highly diverse 

populations could be mistaken for a signal of contamination. If those individuals were removed 
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from a dataset because they were mistaken for contamination, it would lead to be a reduction in 

the average heterozygosity of that population and bias sampling. For species with large 

populations and potentially high gene flow, such as herring (Beacham et al. 2008, Limborg et al. 

2012, Lamichhaney et al. 2017) and many other marine fishes (Reiss et al. 2009, Knutsen et al. 

2011), variability in individual heterozygosity should be low. Our results suggest that FIS 

estimated even in relatively small subsamples of individuals (N= 4-7) is a sensitive indicator of 

contamination, that may be useful when HI is variable.  

Marine species are characterized by weak population differentiation that is sensitive to 

sampling errors (Waples 1998). A possible consequence of contamination would be that “noise” 

introduced into a dataset through contaminating alleles would overwhelm faint signals of genetic 

differentiation between populations. Indeed, this hypothesis was confirmed by our results; 

contaminated samples appeared as outliers in every analysis, and led to inflated estimates of 

population differentiation (FST) and differentiation among subsamples within a population (FSC) 

in an AMOVA framework. Clustering approaches were also strongly affected by contamination: 

heavily contaminated individuals and population subsamples were outliers in PCA and nMDS 

analyses, and may thus impact the interpretation from such approaches. Structure results were 

also dominated by contaminated samples, and LnP(D) and ΔK did not converge on the same 

value of K when these contaminated samples were included in the data. Without contaminated 

samples, Structure detected subtle but clear population structure. Contamination can therefore 

distort true population structure, which is especially problematic in the context of conservation 

genetics and resource management, as genetic data are often used to help delineate conservation 

or management units (Palsbøll et al. 2007, Funk et al. 2012, Scribner et al. 2016). Thus, it is 
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possible that contaminated genotypes could lead to the erroneous designation of management 

units and the accidental overexploitation of harvested populations.  

Efficacy of bleach treatment 

Our research also confirms the efficacy of bleach treatment as a method to decontaminate 

tissue samples collected for RAD sequencing in challenging field conditions. Bleach removed 

the majority of contaminant DNA on samples collected from spawning adult herring; using this 

method, we were able to salvage 92% of adult samples collected during active spawn events and 

discover 3,502 polymorphic RAD loci in Pacific herring. After decontamination with bleach, 

only one sample was identified by microsatellites as being contaminated. However, a modest 

number of bleached adult samples (8%) were characterized by elevated values of HI , which 

could be indicative of small amounts of residual contamination. It is possible that the 

concentration and/or duration of the bleach treatment was insufficient to remove all traces of 

contamination, and that low levels of residual contamination were still detectable in RAD 

sequences generated from these samples.  

Once contaminated individuals were removed from the data set, subsamples of 

individuals taken from the same location produced very concordant estimates of FST , even 

though subsample sizes were tiny (N= 4- 7). However, it has been shown that reliable FST 

estimates can be obtained from very few individuals if loci can be sampled without bias (Willing 

et al. 2012). Furthermore, while the separation between Cherry Point herring and samples from 

Quilcene Bay and Spiller Channel in both individual and subsample clustering approaches 

confirms previous studies of Pacific herring (Small et al. 2005, Mitchell 2006, Beacham et al. 

2008), which found that Cherry Point herring were reproductively isolated from other 

populations due to differences in their spawn timing, an nMDS and AMOVA based on 
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subsamples detected subtle but significant differentiation between Quilcene Bay and Spiller 

Channel, which were previously both considered part of the same population (Small et al. 2005, 

Mitchell 2006). This result indicates that analyses based on small subsamples of individuals may 

be more powerful than those based on full samples, as suggested by (Nielsen et al. 2012).  

Previous research has shown that RAD sequencing requires very high-quality DNA as 

input, otherwise there is a significant reduction in the number of raw sequences produced 

(Graham et al. 2015). Treating tissue samples in a dilute solution of bleach did not hinder the 

construction of RAD sequencing libraries, reduce the number of loci discovered in each sample, 

or affect the quality of sequence reads. Instead, juvenile samples treated with bleach yielded 

slightly more loci and were characterized by greater read depth per locus when compared to the 

same sample in the null treatment. This is most likely due to batch effects caused by slight 

differences in the amplification success of pooled DNA libraries, which exclusively contained 

either samples from the null or bleached treatment group. Importantly, we found that bleach did 

not degrade the endogenous DNA of tissue samples; on average, 98% of loci had matching 

genotypes when we compared replicate extractions from the same juvenile herring (across and 

within treatment groups). This genotyping error rate is similar to rates observed in conventional 

RAD sequencing studies (Mastretta-Yanes et al. 2015, Fountain et al. 2016). In addition, the fact 

that juvenile samples (from either treatment) and cleaned adult samples (from both sampling 

years) from Cherry Point clustered together lends further support that bleach treatment did not 

degrade endogenous DNA and cause false patterns of genetic differentiation. 

Although the problem of sperm contamination may be specific to broadcast spawners, 

intraspecific DNA contamination remains a possible source of error for wild-caught specimens 

of most species. Therefore, researchers will have to evaluate the risk of contamination on a case-
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by-case basis. While treatment with bleach is a relatively simple and cost-effective way to clean 

adult tissue samples, it might only be appropriate for studies where robust pieces of tissue are 

available. For example, when we applied this method to delicate one-day-old herring larvae, 

almost no DNA could be recovered (data not shown). Thus the concentration and/or duration of 

bleach treatment might have to be adjusted for studies targeting very delicate samples. In 

addition, special consideration should be given to sampling conditions, such as the bulk 

collection (Greenstone et al. 2011, King et al. 2011) or storage of specimens that could result in 

the accidental mixing of bodily fluids or cells. For example, in forensic science, considerable 

attention has been given to the potential of intraspecific contamination during sample collection 

(Cale et al. 2016) and sample processing in the laboratory (Vandewoestyne et al. 2011), though 

such practices are less common in molecular ecology. 

In conclusion, we show that intraspecific DNA contamination can affect subtle patterns 

of population structure that are characteristic of many marine fish. We verified that treatment 

with bleach is an appropriate method for removing surface contamination from tissue samples 

without degrading endogenous DNA, resulting in reproducible genotypes from RAD sequencing. 

Our approach is likely to be applicable to tissue samples from other species. 
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FIGURES AND TABLES 

 

Table 1-1. Sampling locations and associated collection information for samples used in this 

study.  Approximate GPS coordinates are provided for herring collected from Spiller Channel in 

2001.  

 
Sampling 

location 

Latitude Longitude Sampling 

dates 

Sexual 

maturity 

Treatment 

groups 

Sample 

size 

Spiller 

Channel, BC 

52.372 -128.188 3/14/2001, 

4/4/2014 

Spawning adult Null, Bleach 11 

Quilcene Bay, 

WA 

47.808 -122.860 3/8/2012 Spawning adult Null, Bleach 6 

Cherry Point, 

WA 

48.932 -122.798  9/21/2015 Juvenile Null, Bleach 20 

Spiller 

Channel, BC 

52.372 -128.188 4/3/2015 Spawning adult Bleach 48 

Quilcene Bay, 

WA 

47.808 -122.860 4/7/2014 Spawning adult 

 

Bleach 48 

Cherry Point, 

WA 

48.932 -122.798 5/12/2014, 

5/9/2016 
Spawning adult 

 

Bleach 98 
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Table 1-2. AMOVA results using two different hierarchical groupings.  In AMOVA1, 

groups are defined by population (Cherry Point; Quilcene Bay; Spiller Channel) and subgroups 

consist of the two different treatments (bleach, null). In AMOVA 2, groups are defined by 

population and subgroups consist of subsamples of individuals (N = 4-6); different iterations of 

this AMOVA were conducted excluding untreated individuals and HI outliers. FSC is the 

differentiation among subsamples within a group, while FCT represents the differentiation 

among groups (i.e. among the three populations). Bold formatting: P< 0.001, no formatting: P> 

0.05.   
 Without individual level With individual level 

AMOVA 1 FST FSC FCT FIS FSC FCT 

All individuals 0.0270 0.0414 -0.0150 -0.1034 0.0414 -0.0139 

 

AMOVA 2 

All individuals 0.0255 0.0046 0.0209 -0.1100 0.0145 0.0210 

Bleached individuals 0.0204 0.0010 0.0194 -0.0604 0.0065 0.0194 

Bleached individuals, no HI 

outliers 
0.0206 0.0007 0.0199 -0.0356 0.0041 0.0199 
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Figure 1-1. Sequencing quality data for juvenile herring in the null and bleach treatment 

groups.  Each dot represents an individual herring sample. A) Number of raw sequences per 

sample containing a restriction site, B) number of RAD loci identified in each sample by pstacks, 

and C) average read depth per locus for each sample.   
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Figure 1-2. Distribution of HI in each treatment group. Colors represent different treatments 

and the dashed line shows the upper limit of HI observed in the juvenile samples. Bleached adult 

samples to the right of the dashed line are “HI outliers” that likely contain residual 

contamination. 
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Figure 1-3. PCA (panels A, B, C) and nMDS (panels D, E, F) plots of herring genotyped at 

3,502 RAD loci.  In the PCA, each point represents an individual herring, while in the nMDS 

each point represents a subsample of multiple herring (N= 4-7). Different colors depict the 

population from which the samples were collected, while shapes (circle or triangle) are indicative 

of treatment group. Note that juvenile herring samples (in both null and bleach treatments) 

cluster together with adult samples collected from the same population (Cherry Point). A) PCA 

of all samples, B) PCA of bleached samples; HI outliers are circled in red, C) PCA of bleached 

samples when HI outliers are removed, D) nMDS of all samples, E) nMDS of bleached samples; 

HI outliers are circled in red, F) nMDS of bleached samples when HI outliers are removed. 
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Figure 1-4. Population structure estimated using Structure. Each sample is portrayed by a 

vertical line which consists of colored segments, representing the estimated fraction of an 

individual’s ancestry (Q) belonging to k clusters. Individuals represented by transparent bars are 

contaminated adult samples. A) Structure analysis using only bleached samples and no HI 

outliers; LnP(D) and ΔK unambiguously identify K = 2 as the most likely number of clusters. 

These clusters correspond to the major known spawning phenotypes of Pacific herring (“late-

spawners” and “primary-spawners”). B) Structure analysis using all samples and K = 2. The 

presence of contaminated samples alters the values of LnP(D) and ΔK, compared to the clean 

data set. C) Structure analysis using K = 4 and all samples.  
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SUPPLEMENTAL MATERIALS 

 

 

 

Supplemental Figure 1-1. Distribution of per locus FIS estimated from 3,502 RAD loci. Each 

panel represents a different sampling location. Dotted lines within each panel show the mean 

value of FIS for that sampling site. 

  



28 

 

 
Supplemental Figure 1-2. Estimates of the posterior probability of the data given K clusters 

(LnP(D)) and ΔK using Structure. Results are shown for analyses that included bleached 

samples when HI outliers were removed (Panels A and B) and analyses that included all samples 

(Panels C and D). 

  



29 

 

 
Supplemental Figure 1-3. FIS and unbiased expected heterozygosity in population 

subsamples before and after bleaching. Each population is represented by a different color and 

subsamples consist of several individuals (N = 4 – 7). Bleached adult subsamples that contain HI 

outliers are circled in red. 
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Chapter 2. Parallel evolution of reproductive timing in Pacific and Atlantic 

herring 

SUMMARY 

Variation in the timing of reproduction underlies key evolutionary and ecological processes 

in the wild. For example, temporal diversity in reproduction mediates gene flow (Hendry and 

Day 2005) and so can contribute to speciation (Yamamoto and Sota 2009, Taylor and Friesen 

2017). At the ecosystem level, variation in reproductive behavior supports ecological portfolio 

effects (Schindler et al. 2010), and “resource waves” associated with spatial variation in 

reproductive timing prolong foraging opportunities for mobile predators (Armstrong et al. 2016). 

While the evolutionary and ecological significance of reproductive timing is widely recognized, 

little is known about its genetic basis, and what it is known stems largely from terrestrial plants 

and insects (Sakai and Ishida 2001, Buckler et al. 2009, Kaiser et al. 2016, Romero Navarro et al. 

2017). Here we show that genetically determined reproductive timing drives population structure 

in a pelagic fish, the Pacific herring. We used genomic data from wild spawning aggregations to 

investigate the evolutionary basis of reproductive timing, and found genomic regions highly 

correlated with spawn timing in both Atlantic and Pacific herring. Loci differentiating 

populations with different spawn timing in both species were clustered around SYNE2, a gene 

which influences the development of retinal photoreceptors in vertebrates. However, none of the 

variable SNPs in SYNE2 were shared between the species, suggesting parallel evolution in genes 

that may play a role in the photoperiodic regulation of reproduction.  The observed genetic 

diversity likely underlies ecological resource waves provided by herring, and provides an 

example of how population-level genetic diversity may influence ecosystem processes.  
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MAIN TEXT 

Reproductive allochrony may be an important evolutionary driver in the marine environment, 

where the high mobility of many species and few physical barriers to migration provide limited 

opportunities for spatial genetic divergence to arise. Furthermore, the genetic basis of 

reproductive timing has important ecological implications as temporal matching between larval 

emergence and plankton production determines recruitment success in many temperate marine 

species (Cushing 1969, Cushing 1990, Platt et al. 2003), and this trophic coupling may be 

disrupted by climate change (Asch 2015).  Sister species Pacific and Atlantic herring (Clupea 

pallasi, C. harengus), estimated to have diverged 2.2 million years ago (Martinez Barrio et al. 

2016), provide a robust system in which to study the genomic basis and evolution of 

reproductive phenology. Spawn timing varies across broad latitudinal gradients as well as within 

narrow geographic regions for both species (Haegele and Schweigert 1985), and populations 

with distinct spawning seasons (e.g., winter vs. spring spawners) are genetically differentiated 

(Small et al. 2005, Ruzzante et al. 2006, Beacham et al. 2008). Furthermore, the predictability of 

spawn timing within populations (Sinclair and Tremblay 1984) supports the long-standing 

hypothesis that reproduction and larval emergence is synchronized with cycles of marine 

productivity (Cushing 1969, Cushing 1990).  

Recent studies have identified genomic regions associated with spawn season in Atlantic 

herring (Martinez Barrio et al. 2016, Lamichhaney et al. 2017), but it is unknown whether these 

same regions contribute to the fine-scale diversity in reproductive phenology of Pacific herring. 

If so, it would demonstrate a genetic basis of allochrony that either predates speciation or that 

arose in parallel between Atlantic and Pacific herring. Current fishery management practices 

(Tillotson and Quinn 2018) as well as global climate change (Edwards and Richardson 2004) 
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may irrevocably reduce this diversity before its significance is fully recognized, thereby reducing 

the ability of species to adapt to future environmental conditions.  

 We first tested whether subtle differences in spawn timing (in the range of weeks to 

months) influence the genetic population structure of Pacific herring. We sampled 1,104 

individuals from 23 spawning aggregations on the Pacific Coast of North America whose spawn 

timing ranged from January to June (Figure 2-1). Individuals were sequenced to an average read 

depth of 75X and genotyped at 7,261 polymorphic restriction site-associated loci that aligned to 

the Atlantic herring genome (Supplementary Materials). A pattern of isolation by time (Hendry 

and Day 2005) was detected (Mantel r = 0.51, Mantel p = 0.00099, Figure 2-2) despite low 

overall levels of genetic differentiation (global FST = 0.014), indicating reduced gene flow among 

sites with different spawn times. However, within a specific spawning period there was also 

evidence of isolation by distance (Wright 1943) (Figure 2-2), and a discriminant analysis of 

principal components revealed differentiation amongst populations spawning in different 

geographic regions (Figure 2-2). We assessed the relative importance of reproductive timing and 

geographic distance in structuring Pacific herring populations by conducting a model-based 

Bayesian analysis of population structure (Foll and Gaggiotti 2006, see Supplemental Materials 

for more details). This analysis estimated the highest posterior probability for a model that 

included information on spawn timing (posterior probability = 0.96), followed by a model that 

incorporated both information on spawn timing and geographic distance between spawning sites 

(posterior probability = 0.04). Pacific herring population structure is therefore primarily driven 

by spawn timing, with limited spatial dispersal within a particular spawning period. This fine-

scale genetic structuring is notable, given the large census population sizes and high dispersal 

capabilities that are characteristic of pelagic fish. Additionally, the observed patterns of 
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population structure were stable through time (Supplementary Materials), suggesting that 

spawning sites were used by populations that exhibited seasonal and geographic spawning 

fidelity across multiple generations.  

Environmental cues such as temperature and photoperiod trigger seasonal reproduction in 

many temperate fishes (Migaud et al. 2010), with the latter being a very predictable and 

consistent environmental signal. We identified genomic regions associated with the timing of 

reproduction by finding loci whose allele frequencies were correlated with spawning photoperiod 

at each sampling location (hereinafter called correlation loci), using a Bayesian framework that 

accounts for the covariance of alleles due to hierarchical population structure and sampling error 

(Coop et al. 2010, Günther and Coop 2013b). There were 130 SNPs that were strongly correlated 

with spawning photoperiod (log10 Bayes factor > 2; Figure 2-3). These SNPs were distributed 

across 56 distinct genomic scaffolds, suggesting that spawn timing is a polygenic trait. 

Differentiation at these loci was an order of magnitude higher than average genetic 

differentiation (Figure 3C; mean FST of correlation loci = 0.1; mean FST of other loci = 0.01; p-

value < 2.2 x 10-16, Wilcoxon signed-rank test). SNPs with the strongest correlations (log10 

Bayes factor > 10; Figure 2-3) mapped to the mRNA encoding SYNE2, a nuclear membrane 

protein that influences the position of retinal photoreceptors early in vertebrate development 

(Tsujikawa et al. 2007, Yu et al. 2010, Maddox et al. 2015). These associations provide support 

for a mechanistic link between the observed genetic variation and the photoperiodic regulation of 

spawn timing in Pacific herring. 

 Such mechanistic links provide an opportunity to test for parallel evolution, that is the 

evolution of similar or identical mutations in independent lineages that result in phenotypic 

similarities (Stern 2013). A recent study of Atlantic herring demonstrated that specific genomic 
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regions related to the photoperiodic regulation of reproduction were highly associated with 

spawn timing in populations from both sides of the Atlantic Ocean (Lamichhaney et al. 2017), 

but the presence of shared haplotypes led the authors to conclude that adaptive alleles likely 

emerged from standing variation in the ancestral population or had been spread by gene flow 

(collateral evolution sensu Stern 2013). We tested for parallel evolution in Pacific and Atlantic 

herring by investigating whether the same genomic regions were correlated with reproductive 

phenology in both species. We found that SNPs near or within four genes (SYNE2, NRXN3B, 

CEP128, HK3) were highly correlated with reproductive timing in both species (Figure 2-3), 

suggesting that similar genomic regions may underlie highly complex traits such as the timing of 

reproduction. Moreover, SNPs in the genomic region around SYNE2 were among the most 

highly associated with spawn timing in both species and exhibited concordant peaks of 

correlation (Figure 2-3), a pattern that is unlikely to be the product of coincident demographic 

processes. Finally, although there was overlap in the genomic regions correlated with 

reproductive timing, SNPs identified in Pacific herring differed from those identified in Atlantic 

herring; for example, in Pacific herring we identified five SNPs within SYNE2 but those 

nucleotides were monomorphic in Atlantic herring. This pattern suggests that these species-

specific polymorphisms arose independently and may indicate parallel evolution in sister species. 

A recent study of migration timing in closely related salmonids (Prince et al. 2017) observed a 

similar phenomenon, leading the authors to conclude that intraspecific SNPs were the product of 

independent evolutionary events.  

We propose that spawn timing is likely a trait with a genetic basis that also structures 

herring populations in time and space. Given the important trophic role of forage fish in marine 

ecosystems (Pikitch et al. 2014), it is worth considering how the observed patterns of genetic 
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variation and population structure interact with other ecological processes. For example, limited 

gene flow between temporally separated spawning aggregations likely contributes to independent 

population dynamics and portfolio effects observed in Pacific herring (Siple and Francis 2016). 

In addition, genetic variation in reproductive timing is the basis of the prolonged resource 

availability that spawning herring provide to coastal environments in spring (Lok et al. 2012b). It 

is currently unknown how photoperiod interacts with other environmental cues (such as sea 

surface temperature or tidal cycle) to influence the timing of reproduction in herring. Recent 

studies of marine phenology indicate that climate change is causing shifts towards earlier larval 

emergence in some pelagic fish (Poloczanska et al. 2013, Asch 2015), a phenomenon that could 

lead to trophic mismatches and increased recruitment variability. However, species whose 

reproductive timing has a strong genetic basis and is driven by environmental stimuli other than 

temperature may be vulnerable to climate change because they have reduced capacity to adapt to 

changing thermal conditions. Furthermore, increasing sea surface temperatures could influence 

metabolic processes at early life history stages (Hufnagl and Peck 2011), thus leading to 

emergent effects that may impact survival. Fishery management practices should strive to 

maintain both spatial and temporal population diversity and mitigate trends in spawn timing 

compression (Hay and McCarter 1999), as this diversity may enhance species-level resilience to 

environmental variation and climate change.  
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FIGURES 

 
Figure 2-1. Map of all sampling locations.  The color of each circle depicts the date of 

sampling an aggregation of spawning or sexually mature fish. B) Map of sampling sites in the 

Salish Sea. C) A herring spawn on the Central Coast of British Columbia; milky water indicates 

the presence of sperm in the water column and provides a visual cue that spawning is occurring. 

Photo by Ian McAllister/Pacific Wild.  
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Figure 2-2. Genetic population structure in Pacific herring.  A) Isolation by time in Pacific 

herring. Linear regression of pairwise FST to the number of days separating sampling events at 

each location (Mantel r = 0.51, Mantel p = 0.00099). Points represent pairwise comparisons 

between sampling locations. B) Isolation by distance in Pacific herring. Points represent pairwise 

comparisons among sampling locations within a specific spawning period (orange points: May-

June spawners; purple points: March-April spawners).  Linear regression of pairwise FST to the 

geographic distance separating sampling locations is estimated separately for each spawning 

period (May-June spawners: Mantel r = 0.61, Mantel p = 0.00099; March-April spawners: 

Mantel r = 0.77, Mantel p = 0.00099). C) Discriminant analysis of principal components. 

Different colors indicate the date of sampling while shapes represent the geographic region that a 

sample was collected from. 
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Figure 2-3. SNPs correlated with spawn timing in herring.  A) SNPs correlated with the 

photoperiod of reproductive timing in Pacific herring. Grey points show strength of correlation 

(log10 Bayes factor) between allele frequency and photoperiod in Pacific herring. SNPs are 

ordered along the x-axis by their respective genomic scaffold. Red points highlight Pacific 

herring SNPs that are highly correlated with photoperiod (log10 Bayes factor >2) and are also 

within 5k bp of a SNP that is associated with spawn timing in Atlantic herring. These shared loci 

are labelled with the name of the gene they are found within. B) Regression of allele frequency 

to photoperiod for the SNP most highly correlated with photoperiod in Pacific herring (within 

SYNE2; FST = 0.36; R2 = 0.74, p-value = 2.7 x 10-9, log10 Bayes factor = 41). C) FST distribution 

of loci correlated with spawn timing in Pacific herring (green points: loci whose log10 Bayes 

factor >2; grey points: all other loci). D) Strength of correlation with photoperiod in Pacific 

herring on scaffold 312, the genomic scaffold containing SYNE2. The peak of association occurs 

around 2.68 Mb. E) Strength of correlation with spawn timing in Atlantic herring on scaffold 

312. The peak of association also occurs around 2.68 Mb. 
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SUPPLEMENTARY MATERIALS 

Methods 

Sample collection 

Approximately 48 herring were collected from each of 23 distinct spawning sites on the 

Pacific Northwest coast of North America (Supplemental Table 2-1). All but one of these sample 

collections consisted of sexually mature herring that were caught in pre-spawning aggregations 

(before 2013) or during active spawning events (after 2013) using nets or hook and line fishing 

gear. Late-stage (eyed) eggs were collected at one site (Elliot Bay, Washington). In addition, five 

different locations were sampled twice across different years (Supplemental Table 2-1); we 

hereinafter refer to these samples as “temporal replicates”. All herring (N = 1,344) were collected 

by state, federal, or Tribal biologists or permitted subsistence fishers. Tissue was subsampled, 

individually preserved in 100% ethanol, and sent to the University of Washington for genetic 

analyses 

DNA sequencing and genotyping 

Prior to DNA extraction, each adult herring sample was treated with bleach to remove 

any potential DNA contamination, following the protocol of Petrou et al. (2019). Eyed eggs 

(from Elliot Bay) were not decontaminated with bleach because they were very delicate and had 

not been collected during an active spawning event.  

 Genomic DNA was extracted from each sample using the Qiagen DNeasy Blood and 

Tissue Kit (Qiagen, Valencia, CA, USA). We followed the protocol of Etter at al. (2011) to 

prepare DNA libraries for restriction-site associated (RAD) sequencing. In brief, 500 ng of 

genomic DNA per sample was digested with the restriction enzyme SbfI (New England Biolabs 
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(NEB), Ipswich, MA). Samples were individually labeled using a custom set of 96 barcodes 

(Integrated DNA Technologies, San Diego, CA) and T4 DNA Ligase (NEB). Groups of 12 

samples were pooled into libraries that were sheared to a length of approximately 500 base pairs 

(bp) using a Bioruptor sonicator (Diagenode, Denville, NJ). We subsequently selected DNA 

fragments that were between 300-500 bp long using a Blue Pippin (Sage Science, Beverly, MA). 

Blunt-end repair, 3’-dA overhang addition, and P2 adapter ligation, and PCR were conducted as 

described in Etter at al. (2011). PCR products were cleaned with AMPure XP magnetic beads 

(Beckman Coulter, Brea, CA, USA) and the DNA concentration of each amplified library was 

quantified using the PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA). 

Libraries were standardized to a concentration of 10 nM and pooled such that 96 individuals 

were sequenced per lane of an Illumina HiSeq 4000 (Illumina Inc., San Diego, CA) at the 

University of Oregon Genomics Core Facility. The resulting sequences were single-end and had 

a length of 100 base pairs.  

We used the computational pipeline in Stacks version 1.46 (Catchen et al. 2013) to 

analyze sequencing data and genotype samples. The process_radtags script was used to 

demultiplex individual samples, and remove barcodes and sequences with low quality scores 

(Phred score < 10).  We visualized the quality of sequencing data using FastQC 

(http://www.bioinformatics.babraham.ac.uk /projects/fastqc/) and decided to trim sequences to a 

length of 90 base pairs to avoid sequencing errors near the end of the sequence. Subsequently, 

we aligned each sequence to a reference database of herring RAD loci to facilitate sequence 

assembly and locus identification, as described in Petrou et al. (2018). Sequences that aligned to 

the database were processed with the pstacks script to identify alleles in each sample (minimum 

depth of coverage to report a stack = 10). To maximize the number of loci retained, we filtered 
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out low-quality samples by only retaining those that contained at least 20,000 RAD loci after 

pstacks and a catalog of loci was constructed in cstacks using a subset of the ten most deeply 

sequenced individuals from each sampling location.  

We filtered the data set by removing loci that had more than 20% missing data in any one 

sampling location. Subsequently, we applied the method of McKinney et al. (2017) to identify 

and remove potential paralogous loci. In brief, this approach identifies paralogous loci by 

combining information on the proportion of heterozygous individuals within each population, 

and the sequencing read depth of each allele into a z-score for each locus. The z-score describes 

the deviation between observed and expected allele-specific read counts from a binomial 

distribution. We visualized the distribution of z-scores in our data and removed loci that were 

more than one standard deviation from the mean (that is, they were characterized by both high 

heterozygosity and read depth across many populations). 

In addition, single nucleotide polymorphisms (SNPs) whose minor allele frequency was 

less than 0.05 across all samples were removed from the data using VCFtools (Danecek et al. 

2011). We chose to remove these low frequency polymorphisms because they are difficult to 

differentiate from sequencing errors and can bias tests for selection (Roesti et al. 2012). As a 

final quality control measure for locus assembly, we aligned loci to the Atlantic herring genome 

(ASM96633v1; Martinez Barrio et al. 2016) using bowtie2 version 2.2.6 (Langmead and 

Salzberg 2012) and only retained loci that aligned with a mapping quality ≥ 20.  

Individual herring samples were assessed for missing data and removed if they had more 

than 10% missing genotypes. We also screened individuals for intraspecific DNA contamination 

by calculating individual multilocus heterozygosity (HI) and comparing it to a set of clean 

reference samples, as described in Petrou et al. (2019). Individual samples were filtered from the 
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data set if they were characterized by values of HI that were above what was observed in clean 

reference samples (HI > 0.32), as in Petrou et al. (2019). 

Population structure 

All analyses of population structure used RAD loci that were coded as multiallelic 

haplotypes rather than SNPs. Loci were tested for deviations from Hardy-Weinberg equilibrium 

(HWE) in each sampling location using the exact test based on 10,000 Monte Carlo permutations 

of alleles, as implemented in Genepop version 4 (Rousset 2008). We used the false discovery 

rate to correct for multiple testing of HWE with the R package qvalue (citation; Storey 2002). A 

locus was identified as being out of HWE when the q-value was less than 0.05. We then 

conducted all analyses of population structure on two different data sets: the first contained all 

loci, while the second only contained loci that were in HWE.  

Pairwise FST  (Weir and Cockerham 1984a) between sample collections and FIS within 

each sample collection were calculated in Genepop (Raymond and Rousset 1995, Rousset 2008). 

Per-locus FST s were estimated with the R package hierfstat (Goudet 2005). We visualized 

population structure using a discriminant analysis of principal components (DAPC) with the R 

package adegenet (Jombart 2008). The optim.a.score function in adegenet was used to identify 

the number of principal components to retain in the analysis.  

To test whether the timing of reproduction affected genetic differentiation (isolation by 

time; Hendry and Day 2005) we conducted a linear regression of linearized pairwise FST (FST/(1- 

FST) to the number of days separating sampling events. The statistical significance of isolation by 

time was evaluated using a Mantel test (Pearson’s product moment correlation; 10,000 

permutations) as implemented in the R package vegan (Oksanen et al. 2018). We also tested for 

isolation by distance (Wright 1943, Kimura and Weiss 1964) by conducting a linear regression 
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of linearized pairwise FST to the geographic distance separating sample collections. The shortest 

distance (“as the crow flies”) separating two sampling locations was calculated using the R 

package geosphere (Hijmans 2017), and the statistical significance of isolation by distance was 

evaluated as described above for time. 

We assessed the relative importance of reproductive timing and geographic distance in 

structuring Pacific herring populations by conducting a hierarchical Bayesian analysis of 

population structure with the program GESTE (Foll and Gaggiotti 2006). In brief, this analysis 

constructs a null model in which subpopulations evolve after splitting off from an ancestral 

population and experience genetic drift, resulting in population-specific FST values. Alternative 

models are built by incorporating environmental data through the prior distribution of 

population-specific FST’s, and the strength of the correlation between genetic and environmental 

data is evaluated using a generalized linear model. Finally, the relative influence of different 

environmental factors on the observed patterns of genetic structure is assessed using the posterior 

probabilities of the null and alternative models. We used geographic and temporal connectivity 

as environmental factors in our analysis. Temporal connectivity was defined as the difference (in 

days) between the spawning time of a particular sampling location and the average spawning 

time across all sampling sites (as in Gaggiotti et al. 2009). Geographic connectivity was defined 

as the mean distance between each sampling site and all other sampling sites (as in Gaggiotti et 

al. 2009). We used default parameters of the program (sample size = 10,000; thinning interval = 

20; pilot runs = 10; pilot run length = 5,000; additional burn-in = 50,000) to estimate posterior 

probabilities of the different models (Supplemental Table 2-2). 
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Loci correlated with spawn timing 

Reproductive timing in temperate fishes is primarily controlled by temperature and 

photoperiod (Migaud et al. 2010, Wang et al. 2010), with the latter being the most predictable 

and consistent environmental signal. We therefore identified genomic regions associated with the 

timing of reproduction by finding loci whose allele frequencies were correlated with the 

photoperiod of spawning at each sampling location (hereinafter referred to as “correlation loci”), 

using a Bayesian framework that accounts for the covariance of alleles due to hierarchical 

population structure and sampling error (Bayenv 2.0; Coop et al. 2010, Günther and Coop 

2013a). This protocol uses biallelic SNPs as input, so we conducted this analysis using the first 

SNP in each RAD locus. With this method, a covariance matrix of allele frequencies between 

sampling locations is estimated using all SNPs and used as a null model, in which overall 

population structure reflects neutral processes (such as genetic drift and gene flow) and sampling 

error. SNPs that deviate strongly from patterns of neutral population structure are identified 

using an alternative model, in which an environmental variable has a linear effect on 

standardized allele frequency. This analytical approach has been shown to exhibit a low false 

positive rate under a variety of demographic histories (Lotterhos and Whitlock 2014). 

Photoperiod was calculated at each sampling location and date using the daylength 

function from the geosphere package (Hijmans 2017) package in R, and was normalized to a 

mean of zero and a standard deviation of one. The covariance matrix of allele frequencies was 

estimated in Bayenv2 using the first SNP in each RAD locus and 100,000 MCMC iterations. 

Bayes factors expressing support for the alternative model at each locus were also estimated with 

100,000 MCMC iterations.  
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We tested for parallel evolution in two species inhabiting different oceans by 

investigating whether the same genomic regions and SNPs were correlated with reproductive 

phenology in both Atlantic and Pacific herring. Atlantic herring SNPs that are correlated with 

spawn timing were previously published in  Lamichhaney et al. (2017). We assessed whether any 

Pacific herring correlation SNP was proximate to an Atlantic herring correlation SNP or gene  

using the annotated Atlantic herring genome (assembly ASM96633v1) and the GenomicRanges 

package (Lawrence et al. 2013) in Bioconductor version 3.8.   

Results 

DNA sequencing and genotyping 

We identified 7,261 polymorphic RAD loci that were sequenced at a minimum read 

depth of 10 sequences, had a minor allele frequency that exceeded 0.05 over all samples, and 

mapped to the Atlantic herring genome.  Average sequencing depth per RAD locus for each 

individual was 75X, and the majority of loci were biallelic (Supplemental Figure 2-1). A total of 

1,104 herring were characterized by less than 10% missing data and were retained in the final 

data set. After filtering the data, sample sizes at each geographic location ranged from 16 to 48 

individuals (mean N = 40 individuals) and the maximum percentage of missing data at any one 

locus was 2%.  

Population structure 

Locus-specific estimates of FIS at each sampling location were generally distributed 

around zero (Supplemental Figure 2-2). We identified 632 loci that deviated from HWE in any 

one sample collection, and fewer than 2% of loci were out of HWE in any single collection. We 

subsequently conducted analyses of population structure on two different data sets: the first 

contained all loci, while the second only contained loci that were in HWE. Patterns of population 
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structure were consistent across both data sets (for example, see Supplemental Figure 2-5). Thus, 

we conducted bayenv2 analyses using SNPs from the full subset of RAD loci, in case deviations 

from HWE were caused by evolutionary forces rather than genotyping error. For the sake of 

brevity we report results below using all RAD loci.  

We estimated a global FST of 0.014 over all populations, while pairwise population FST 

estimates ranged from 0 to 0.032 (Supplemental Figure 2-3). Locus-specific estimates of overall 

FST ranged from -0.013 to 0.458 (mean = 0.012; Supplemental Figure 2-4). We conducted a 

discriminant analysis of principal components using all samples (Supplemental Figure 2-5) and 

identified 63 principal components that summarized 15% of the variance in the data. The first 

discriminant axis explained 38% of the retained variance and separated herring spawning in May 

or June (at Cherry Point, Masset, Skidegate, and Metlakatla) from all other individuals 

(Supplemental Figure 2-5). In addition, May/June spawners formed distinct clusters in the 

discriminant analysis of principal components, based on their geographic location. The second 

discriminant axis summarized 19% of the retained variance and separated fish sampled along a 

latitudinal gradient. Subsequently, we conducted a second discriminant analysis of principal 

components that included only individuals spawning in March and April, as these samples 

represent the predominant spawning phenotype and clustered together in the initial analysis.  In 

this second analysis, the first discriminant axis separated individuals spawning in 

coastal/estuarine habitats from those spawning in inlet habitats (Supplemental Figure 2-5), a 

pattern of genetic differentiation that was also observed in a previous study using microsatellites 

(Beacham et al. 2008).    

We assessed the temporal stability of allele frequencies at a given spawning site across 

different years. Pairwise population FST estimates between temporal replicates ranged from 0 to 
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0.002, and were among the smallest pairwise FST values observed in the entire dataset 

(Supplemental Figure 2-6). This indicates that allele frequencies within a particular spawning 

location and season remained relatively consistent over multiple years, suggesting that these sites 

were used by populations that exhibited seasonal and geographic spawning fidelity across 

multiple generations. Although the number of temporal replicates was small, it is possible that 

Pacific herring exhibit homing behavior to their natal spawning site, allowing for local 

adaptation to productivity regimes to arise. Indeed, Pacific herring spawning is closely correlated 

with the spring plankton bloom, and the amount of overlap between these phenologies has been 

shown to affect the survival of juveniles (Schweigert et al. 2013). 

There was evidence of isolation by time in our data. When all samples were considered 

together, we found a statistically significant correlation between linearized FST and the difference 

in spawning date (Supplemental Figure 2-7; slope = 1.30x 10-4, Mantel r = 0.51, Mantel p = 

0.00099). This relationship improved, after we removed highly divergent May-June spawners 

from the analysis (Supplemental Figure 2-7; slope = 2.78x 10-4, Mantel r = 0.70, Mantel p = 

0.00099). There was no correlation between the geographic and temporal distance (number of 

days between spawning) separating sampling locations, and so we also investigated whether a 

pattern of isolation by distance were present in the data. When all sample collections were 

included in the same isolation by distance regression, we did not find a correlation between the 

genetic and geographic distance separating populations (Supplemental Figure 2-8). However, 

there was evidence of isolation by distance within a specific spawning season (Supplemental 

Figure 8B; March-April spawners: slope = 3.91x 10-6, Mantel r = 0.77, Mantel p = 0.00099; 

May-June spawners: slope = 8.59x 10-6, Mantel r = 0.61, Mantel p = 0.005), indicating that 

geographic connectivity also plays a role in structuring populations.  
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The Bayesian analysis of genetic structure assigned the highest posterior probability to a model 

that included prior information on temporal connectivity (Supplemental Table 2-2; posterior 

probability = 0.96, σ2 = 0.27), followed by one that incorporated data on both temporal and 

geographic connectivity between spawning sites (posterior probability = 0.04). All other models 

(null model; model using only prior information on geographic connectivity) had posterior 

probabilities of zero. 

Loci correlated with spawn timing 

There were 130 SNPs that exhibited very strong correlations with photoperiod (Bayes 

factor > 100; Supplemental Figure 2-9) distributed across 56 distinct genomic scaffolds in pacific 

herring. SNPs with the strongest associations (log10 Bayes factor > 10) were within 18,000 bp of 

each other and mapped to SYNE2, a gene coding for a nuclear membrane protein that influences 

the position of retinal photoreceptors early in vertebrate development (Tsujikawa et al. 2007, Yu 

et al. 2010). Additional genomic regions that were highly associated with spawn timing in 

Pacific herring and may play a role in reproduction include SH2D4A, a locus with estrogen 

receptor 1 binding activity (Tingting et al. 2009) and SPATA4, a locus associated with 

spermatogenesis (Xie et al. 2007). Only 4 out of the 130 SNPs correlated with photoperiod in 

Pacific herring were out of HWE in any sample collection, and none of them mapped to the 

aforementioned genes. 
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Supplemental tables and figures 

Supplemental Table 2-1. Geographic location and date of each sample collection.
 Location name State/Province Subregion Latitude Longitude Sampling 

date 

N 

Squaxin 2007 Washington Salish Sea 47.20 -122.94 1/17/2007 41 

Squaxin 2014 Washington Salish Sea 47.20 -122.94 2/24/2014 27 

Elliott Bay Washington Salish Sea 47.62 -122.36 4/15/2015 45 

Port Orchard Washington Salish Sea 47.69 -122.59 1/27/2014 42 

Quilcene Bay Washington Salish Sea 47.80 -122.85 3/26/2014 16 

Port Gamble Washington Salish Sea 47.87 -122.60 3/12/2014 18 

Similk Bay Washington Salish Sea 48.44 -122.57 2/25/2015 48 

Cherry Point 2014 Washington Salish Sea 48.93 -122.80 5/12/2014 30 

Cherry Point 2016 Washington Salish Sea 48.93 -122.80 5/9/2016 48 

Gabriola Island British 

Columbia 

Salish Sea 49.16 -123.74 3/19/2015 45 

Bute Inlet British 

Columbia 

BC inlet 50.81 -124.90 3/3/2004 47 

Knight Inlet British 

Columbia 

BC inlet 51.02 -125.60 3/20/2003 28 

Rivers Inlet British 

Columbia 

BC inlet 51.68 -127.26 3/11/2001 43 

Kwakume British 

Columbia 

Central Coast 51.70 -127.88 4/3/2015 47 

Harriet Island British 
Columbia 

Haida Gwaii 52.31 -131.23 4/2/2014 44 

Spiller  Channel 

2014 

British 

Columbia 

Central Coast 52.36 -128.20 4/4/2014 47 

Spiller  Channel 

2015 

British 

Columbia 

Central Coast 52.36 -128.20 4/3/2015 47 

Newberry Cove British 

Columbia 

Haida Gwaii 52.47 -131.44 4/6/2014 36 

Ellerslie Lagoon British 

Columbia 

Central Coast 52.51 -128.06 3/25/2015 48 

Skidegate 2014 British 

Columbia 

Haida Gwaii 53.24 -132.01 6/4/2014 47 

Skidegate 1999 British 

Columbia 

Haida Gwaii 53.24 -132.01 5/7/1999 36 

Masset 2003 British 

Columbia 

Haida Gwaii 53.67 -132.35 6/26/2003 34 

Masset 2016 British 

Columbia 

Haida Gwaii 53.67 -132.35 6/9/2016 47 

Venn Passage British 

Columbia 

Prince Rupert 54.33 -130.42 3/25/1999 23 

Metlakatla British 

Columbia 

Prince Rupert 54.34 -130.44 5/23/2002 45 

Sitka Alaska SE Alaska 57.12 -135.45 4/13/2017 46 

Salisbury Sound Alaska SE Alaska 57.30 -135.61 4/5/2016 46 

Berners Bay Alaska SE Alaska 58.68 -134.99 5/3/2016 33 
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Supplemental Table 2-2. Estimated posterior model probabilities from a hierarchical 

Bayesian analysis of population structure.  

 

Model Factors included Posterior probability 

1 Constant 0 

2 Constant, geographic distance 0 

3 Constant, temporal distance 0.96 

4 Constant, geographic 

distance, temporal distance 

0.04 

5 Constant, geographic 

distance, temporal distance, 

interaction between temporal 

and geographic distances 

0 
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Supplemental Figure 2-1. Distribution of the number of alleles per RAD locus.   
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Supplemental Figure 2-2. Distribution of per-locus FIS estimated for each sampling 

location.  
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Supplemental Figure 2-3. Pairwise FST estimated between sampling locations.   
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Supplemental Figure 2-4. Histogram showing the distribution of per-locus overall FST over 

all samples.  
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Supplemental Figure 2-5. Discriminant analysis of principal components (DAPC). A) 

DAPC using all samples and all loci. Different colors indicate the Julian day of sampling while 

shapes represent the geographic region that a sample was collected from. B) DAPC using only 

individuals that spawned in March and April and all loci. Inlet spawners (from Bute Inlet, Knight 

Inlet, or Rivers Inlet) are in light blue while other samples are in dark blue. C) DAPC using all 

samples and loci in HWE. D) DAPC using only individuals that spawned in March and April and 

loci in HWE. 
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Supplemental Figure 2-6. Pairwise FST among sample collections.  Temporal replicates are 

highlighted in color and labeled with their respective geographic location. Pairwise comparisons 

among all other sample collections are represented by open circles.   
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Supplemental Figure 2-7. The influence of spawn timing on genetic differentiation 

(isolation by time). Each circle represents an estimate of pairwise FST between two sampling 

locations. Panels A and B show linear regressions of pairwise FST to the number of days 

separating sampling events at each location, using different subsets of the data: A) Isolation by 

time using all samples (slope = 1.30x 10-4, Mantel r = 0.51, Mantel p = 0.00099); B) Isolation by 

time when highly differentiated May-June spawners are removed (slope = 2.78x 10-4, Mantel r = 

0.70, Mantel p = 0.00099).  
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Supplemental Figure 2-8. The influence of geographic distance on genetic differentiation 

(isolation by distance). Analysis using A) pairwise comparisons among all sample collections, 

and B) pairwise comparisons among sample collections within a particular spawning season: 

March-April spawners (pink) and May-June spawners (orange).  
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Supplemental Figure 2-9. Distribution of Bayes factors, indicating strength of association 

between allele frequency and photoperiod in Pacific herring.  
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Chapter 3. Ancient DNA reveals harvest of winter spawning herring 

populations by Coast Salish fisheries over 900 years 

INTRODUCTION 

There is growing recognition that phenotypic and genetic diversity contribute to the 

productivity and resilience of wild populations, and the ecosystem goods that they provide (Luck 

et al. 2003). For example, diverse life-histories in salmonids are associated with asynchronous 

population dynamics which stabilize overall abundance (Hilborn et al. 2003) through portfolio 

effects (Schindler et al. 2010, Moore et al. 2014). Meanwhile, genetic variation between and 

within wild populations has been shown to contribute to disease resistance (Hofinger et al. 2011, 

Savage and Zamudio 2011), and represents the evolutionary potential of populations to adapt to 

new environmental conditions (Colosimo et al. 2005, Jones et al. 2012, Barrett et al. 2019). 

Despite the recognized value of intraspecific variation, population diversity is eroding at a rapid 

rate globally due to human activities (Hughes et al. 1997, Ceballos et al. 2017).  

The extent to which different populations or phenotypes contribute to ecosystem goods 

over long time scales is mostly unknown, as ecological studies typically collect data over the 

course of years or decades. This limited temporal data can result in the collective memory loss of 

past biodiversity and ecosystem states, a phenomenon known as “shifting baselines syndrome” 

(Pauly 1995). One potential method to gather information over extended temporal scales is to 

quantify faunal remains in natural or human-associated (archaeological) deposits. Although 

coarser in temporal resolution than modern ecological studies (Erlandson and Rick 2009), these 

types of data can be compared to contemporary datasets and supply information about long-term 

ecological conditions (Hadly and Barnosky 2009, Wolverton and Lyman 2012) and spatially-

explicit patterns of variability (Wright et al. 2005, Rogers et al. 2013, McClatchie et al. 2017).  
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Additional layers of information can be provided by analyzing the ancient DNA (aDNA) 

preserved in faunal remains; when different populations or phenotypes are genetically 

differentiated from each other, it may be possible to use aDNA to identify their presence and 

relative abundance. Additionally, aDNA preserved in archaeological sites may archive the 

genetic and phenotypic diversity of populations that were harvested by human communities over 

long periods of time. For example, recent studies of Pacific salmon have revealed the migration 

phenotypes that supported ancient fisheries (Halffman et al. 2015, Thompson et al. 2019) and 

quantified reductions in genetic diversity associated with the large-scale habitat degradation of 

riverine systems in the 20th century (Johnson et al. 2018, Thompson et al. 2019). In marine 

systems, ancient DNA has been used to identify cod populations harvested during the Viking 

Age and demonstrated the early development of trade routes for marine resources from the North 

Atlantic Ocean (Star et al. 2017, Star et al. 2018).  

Temporal studies of population diversity are particularly important in forage fish, as they 

are foundational to coastal food webs and fisheries. Pacific herring (Clupea pallasii) are an 

abundant forage fish in coastal waters of the Pacific Northwest and are important prey for a 

variety of organisms, including marine mammals (Thomas and Thorne 2001, Womble et al. 

2005), salmon (Chamberlin et al. 2017), and sea birds (Thomas and Thorne 2003, Schrimpf et al. 

2012, Hatch 2013). The reproductive migrations of herring provide an ephemeral pulse of food 

for coastal marine organisms (Willson and Womble 2006), as these fish aggregate to nearshore 

environments to spawn. The timing of herring reproduction varies across broad latitudinal 

gradients, such that populations in the southern part of the species range typically spawn in 

winter, while northerly populations reproduce in spring (Haegele and Schweigert 1985). 

Populations with different spawn timing are connected by limited gene flow (this dissertation, 
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second chapter). Additionally, scattered across the species range there are also reproductively 

isolated populations with unusually late spawning in May or June (Small et al. 2005, Beacham et 

al. 2008; Chapter 2, this dissertation); we hereinafter refer to these populations as “late 

spawners”. This genetic and phenotypic diversity in reproductive timing gives mobile consumers 

the opportunity to access herring in the nearshore environment over an extended period of time, a 

phenomenon known as a resource wave (Lok et al. 2012a, Armstrong et al. 2016). 

Resource waves may have also been important to the livelihoods of human communities. 

On the Pacific coast of North America, humans have harvested herring for millennia, as 

demonstrated by specimens found in archaeological sites that are dated to ~10,000 years before 

present (ybp) (Moss et al. 2015). Archaeological studies show that herring bones are among the 

most abundant fish remains found in ancient settlements (Kopperl 2001, McKechnie et al. 2014), 

indicating that herring were a critical food resource. Artifacts such as herring rakes and fish traps 

(Caldwell 2011) attest to past harvests, and ethnographic studies from the Puget Sound in the 

early 20th century contain lively descriptions of their use:  “A man and his wife usually worked 

together in getting herring with this implement. The woman sat in the stern of the canoe and 

paddled, while the man sat in the bow facing her. When they got in the midst of a school of 

herring, he took the “rake” and swept the surface of the water, moving it in a wide semi-circle 

toward the stern of the boat and then giving it a jerk or fling. Herring which became impaled in 

the points were thus thrown into the canoe. Informants have told me that by these methods it was 

sometimes possible to fill a boat with herring in an hour.” (Waterman 1973). Accounts from the 

late 1800’s indicate that herring were eaten fresh or cured (e.g. by the Twana people; Eells and 

Castile 1985), while their eggs were harvested using evergreen branches or kelp fronds that were 

submerged during spawning events (e.g. by the Puyallup and Nisqually people; Smith 1940). 
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Today, herring eggs harvested in this way are a beloved food item in some coastal communities 

(e.g. Thornton 2015) and herring harvest is considered an expression of indigenous culture and 

sovereignty (Powell 2012, Gauvreau et al. 2017), while income generated from herring fisheries 

supports coastal livelihoods (Powell 2012).  

Industrial commercial fisheries for herring began with the colonization of the Pacific 

Northwest coast in the late 19th century by European and Euro-American settlers, soon followed 

by reports of declining catches. A letter published in the American Angler in 1886 states, “From 

1869 to 1877 it was not an uncommon occurrence for us to catch from 200 to 300 barrels of 

herring in a night, but since 1877 they have been growing less in number, until now the largest 

night’s work is about 20 barrels. This is a great falling off, and it is much the same way with all 

other fish in the [Puget] Sound” (Hammond 1886). In the 20th century, large reduction fisheries 

harvested tens of thousands of tons of herring yearly throughout the Pacific Northwest 

(Carrothers 1941), but collapsing populations in British Columbia (Pearse 1982) and Washington 

State (Bargmann 1998) led to their closure in the latter part of the century. Today, Alaska 

(Hebert 2017) and British Columbia (Martell et al. 2012) support significant sac roe fisheries for 

herring, but Washington State only allows a relatively small bait fishery to operate in its waters 

(Stick et al. 2014).  

It has been approximately 30 years since the last large commercial herring fisheries 

operated in Puget Sound, Washington (Stick and Lindquist 2009). Despite this, an approximately 

50-year time series of spawning biomass surveys indicates that certain populations of herring 

have not recovered to their former population abundance and remain severely depressed (Stick et 

al. 2014). For example, the late spawning herring population reproducing at Cherry Point was 

once the largest stock in Puget Sound, but has declined to a small fraction of its former 
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abundance (Figure 2). It is unclear if the dramatic decline of this population is representative of 

natural variations in population productivity or if this pattern is unique to recent decades. 

Furthermore, it is unknown whether different spawning phenotypes display fidelity to specific 

geographic locations or if their geographic range fluctuates over long time scales.  

Ancient DNA preserved in herring bones contains information about the genetic and 

phenotypic diversity of herring populations over long time scales. Recent studies (Speller et al. 

2012, Star et al. 2017, Rodrigues et al. 2018, Thompson et al. 2019) have demonstrated that 

aDNA can be extracted from fish bones, even when they are several thousand years old and 

weigh less than 10 mg. Fish remains are common in archaeological assemblages but there are 

few population genetic studies of marine fish using ancient specimens because these organisms 

are generally characterized by subtle population structure that is only resolved through the 

genotyping of nuclear DNA (Speller et al. 2012). An added complication is that ancient samples 

typically contain very low quantities of endogenous nuclear DNA that is highly fragmented 

(Hofreiter et al. 2001). 

 In this study, we use ancient nuclear DNA from herring bones deposited in 

archaeological sites in the Puget Sound to investigate the relative contributions of genetically 

distinct populations of Pacific herring to food supplies over the last millennium. These 

genetically distinct herring populations spawn at different times of year, and we hereinafter refer 

to them as winter spawners and late spawners. Specifically, we ask the following questions: (i) 

Did Coast Salish people in the central Puget Sound harvest winter spawning or late spawning 

herring? (ii) Did the relative abundance of these herring populations in the archaeological record 

change through time? iii) Did the relative abundance of winter spawners and late spawners vary 

based on the geographic location of an archaeological assemblage? 
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METHODS 

Description of archaeological sites 

Ancient herring bones were previously excavated from two archaeological sites in the Puget 

Sound (Lewarch et al. 2002, Stein 2002) and housed at the Burke Museum at the University of 

Washington. We received permission from the Puyallup Tribe of Indians to use herring bones 

retrieved from the Burton Acres Shell Midden (45KI437), and from the Suquamish Tribe to use 

bones excavated from the Bay Street Shell Midden (45KP115).  

The Burton Acres Shell Midden is located on Vashon Island, WA (Figure 3-1). 

Archaeological evidence suggests that the site was first inhabited approximately 1,000 years 

before present (ybp) and its “deposits of shell, charred plants, modified rocks, animal bones, and 

broken artifacts indicate that people caught and preserved fish and shellfish at this site” (Stein 

2002). Pacific herring are the most abundant fish in the assemblage, contributing up to 90% of 

fish remains in certain layers (Figure 3-3; Kopperl 2001), while salmonids are the next most 

abundant group. The midden’s upper layers contain metal, demonstrating that the site was used 

during the last two centuries (Stein 2002), a finding also corroborated by historic documents 

noting that Vashon Island was inhabited by Southern Coast Salish people (De Danaan 2002). 

The Bay Street Shell Midden, first occupied between 800 and 500 ybp, is located in Port 

Orchard, WA (Figure 3-1). Archaeological evidence supports that the site was used periodically 

over an 800-year period, while more recent ethnographic records indicate that it was used 

seasonally by Suquamish people (Lewarch et al. 2002). The discovery of bone and antler tools at 

the site demonstrates that its inhabitants hunted and fished. Pacific herring account for one-third 

of identifiable fish remains in the total assemblage, indicating that they were prominent in the 
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diet (Figure 3-3; Lewarch et al. 2002). Other common fish in the assemblage include flatfish, 

salmonids, and spiny dogfish.  

DNA extraction of archaeological samples 

Herring bones (N = 192) were morphologically identified by zooarchaeologist Robert 

Kopperl and selected from two different temporal layers at each archaeological assemblage 

(Table 3-2). These bones were vertebrae or prootic elements whose mass ranged from 3 to 26 

mg. When possible, bones were collected from a variety of different archaeological subsamples 

within each layer, to minimize the chance of sampling the same individual multiple times. To 

establish the approximate age of these samples, a small piece of wood was extracted from each 

temporal layer and radiocarbon dated by a commercial laboratory (Direct AMS, Washington 

State).  

All sample preparations and aDNA extractions were conducted in a dedicated aDNA 

laboratory at Simon Fraser University, Canada, following strict protocols to minimize 

contamination with modern DNA (Yang and Watt 2005). Surface contamination was removed 

from each bone by immersing it in a 6% sodium hypochlorite solution for five minutes. Samples 

were subsequently rinsed twice with ultra-pure water and each side of bone was exposed to UV 

light for 15 minutes. We extracted DNA from each sample following the protocol described in 

Yang et al. (2008). In brief, samples were incubated overnight at 50 °C in 3 mL of proteinase K 

lysis buffer, and were subsequently concentrated to approximately 100 µL using spin columns 

(Amicon 15kDA Centrifugal Filter Units).  DNA extracts were purified using Qiagen MinElute 

columns following the manufacturer’s instructions, and DNA was eluted in 50 µL of warmed (56 

°C) Buffer EB. To test for contamination during DNA extraction, blank controls were included 

in each extraction and processed during all subsequent steps.  
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Development and testing of SNP assays on modern samples 

 Samples were taken from spawning adult herring or eyed eggs (N = 347) collected at 

eight different spawning sites in the Salish Sea (Figure 3-1), and prepared for restriction-site 

associated (RAD) sequencing as described in Petrou et al. (2018). The collection and processing 

of these RAD sequences are described in the second chapter of this dissertation, and resulted in 

the identification of 7,261 polymorphic RAD loci which mapped to the Atlantic herring genome 

(Martinez Barrio et al. 2016).  

We identified SNPs showing high differentiation between populations with distinct 

spawn timing by estimating per-locus FST s with the R package hierfstat (Goudet 2005) and 

conducting a discriminant analysis of principal components (DAPC) with the R package 

adegenet (Jombart 2008). Loci were ranked by their loadings along the first and second 

discriminant axes of the DAPC, as these axes separate winter spawners from late spawners. Loci 

were subsequently retained in the analysis if they had a global FST > 0.1, mapped to distinct 

scaffolds on the Atlantic herring genome, contained a maximum of 2 SNPs per RAD sequence, 

and displayed stable allele frequencies across years at the same sampling location. As the amount 

of DNA template available in ancient samples is limited, we selected small numbers of high FST 

loci (N= 5-8) and tested them for deviations from Hardy-Weinberg equilibrium (HWE) in each 

population using the exact test with 10,000 Monte Carlo permutations of alleles, as implemented 

in Genepop version 4 (Rousset 2008). We also examined patterns of linkage disequilibria 

between each locus pair and within populations using exact tests in Genepop. 

Subsequently, we assessed the ability of these loci to assign individual herring to a 

spawning group (winter spawners vs. late spawners).We simulated individual assignment using 

the “leave-one-out” approach and the Bayesian method of Rannala and Mountain (1997) 
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implemented in Geneclass2 (Piry et al. 2004). An individual was assigned to a spawning group if 

the sum of assignment probabilities across populations in a spawning group exceeded an 85% 

probability threshold, otherwise that individual was considered unassigned. This analysis was 

applied to modern herring samples using the genotypes generated by RAD sequencing, and a set 

of seven loci (Table 3-3, Figure 3-4) was identified that could assign individuals to their 

spawning group (winter spawners vs. late spawners) with a high success rate (99%).  

We also evaluated whether these seven loci could be used to estimate the proportion of 

populations in a mixed-stock fishery, using the Bayesian method of Moran and Anderson (2018) 

that is implemented in the R package rubias. In brief, this approach uses Markov chain Monte 

Carlo (MCMC) to estimate the proportion of individuals in a mixture that originate from 

different reference populations or aggregates of reference populations (reporting groups), given 

genotypic data at those reference populations. We assessed the predicted accuracy of mixed 

stock analysis by simulating multiple mixture data sets of known mixture proportions using 

modern herring samples (simulated mixture size = 48 individuals; number of repetitions of 

mixture simulation and MCMC = 50) and comparing mixture estimates with simulated mixture 

proportions. Individual genotypes in the simulated mixtures were generated by sampling from 

the allele frequency distribution of a reference population, following the “leave one out” method 

(Moran and Anderson 2018). We also conducted “100% simulations”, where all of the simulated 

individuals were generated from the allele frequency distribution of a single reference 

population. We analyzed the simulated data using two reporting groups (winter spawners vs. late 

spawners) and three reporting groups (January-February spawners vs. March-April spawners vs. 

May-June spawners). The modern herring populations belonging to each reporting group are 

summarized in Table 3-1.  
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Additionally, we tested for population structure between and within spawning groups 

(winter spawners vs. late spawners) by conducting hierarchical analyses of molecular variance 

(AMOVAs) using all 7,261 RAD loci and the subset of seven loci. AMOVAs were done using 

the R packages ade4 (Dray and Dufour 2007) and poppr (Kamvar et al. 2014), and statistical 

significance was estimated using 1,000 permutations of sample collections across spawning 

groups. Pairwise FST  (Weir and Cockerham 1984a) between modern sample collections was 

calculated in hierfstat, and its significance was estimated using 1,000 permutations in the R 

package strataG (Archer et al. 2017).  

Custom TaqMan™ assays (Thermo Fisher Scientific, Waltham, MA) were developed to 

genotype SNPs at these seven loci. In brief, we submitted approximately 100 bp of DNA 

sequence around each SNP to the Custom TaqMan Assay Design Tool (Applied Biosystems) to 

design primers and probes (Table 3-3).  

SNP genotyping of ancient samples 

In order to increase the amount of template aDNA available for TaqMan genotyping 

reactions, we first conducted a preamplification PCR with all primers following the protocol of 

Smith et al. (2011). These reactions were set up in a dedicated clean room at the University of 

Washington. Preamplification reactions were conducted in 24 µL volumes containing Qiagen 

Multiplex PCR Master Mix, 0.2 µM of each forward and reverse SNP primer, ultra-pure water, 

and 4 µL of template aDNA. Thermal cycling was performed on a Bio-Rad C1000 Touch 

(Hercules, CA), using these conditions: initial denaturation at 95 °C for 15 minutes, followed by 

14 cycles of 94 °C for 30 seconds, 57 °C for 90 seconds, 72 °C for 60 seconds, and a final 

extension of 72 °C for 10 minutes. Negative controls were included with each preamplification 

reaction.  
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We diluted these preamplification PCR products 1:3 for use in subsequent TaqMan 

genotyping reactions. All genotyping reactions took place in 12 µL volumes containing 1X 

TaqMan Universal PCR Master Mix, 1X TaqMan assay, nuclease-free water, and 2 uL of 

template DNA. Thermal cycling was performed on an Applied Biosystems7900HT Fast Real-

Time PCR system (Foster City, CA) as follows: initial denaturation at 95 °C for 10 minutes, 

followed by 60 cycles of 95 °C for 15 seconds and 60 °C for 60 seconds. Following quality 

control procedures established in Speller et al. (2012), each sample was genotyped twice and 

negative controls were included with every genotyping reaction. We estimated the genotyping 

discrepancy rate by dividing the total number of genotype mismatches by the total number of 

samples. Ancient samples that were missing genotypes at more than one locus were filtered from 

the data set.  

Genetic stock identification of ancient samples 

Pairwise FST  (Weir and Cockerham 1984a) between ancient and modern sample 

collections genotyped at seven nuclear loci was calculated in hierfstat, and its significance was 

estimated using 1,000 permutations in the R package strataG (Archer et al. 2017). Patterns of 

genetic differentiation in the ancient and modern samples were visualized using a PCA 

conducted with the R package adegenet.  

We used two different genetic stock identification approaches to estimate the contribution 

of distinct herring populations to ancient food supplies. First, we assigned individual ancient 

herring samples to a modern spawning group (winter spawners vs. late spawners) using the 

method of Rannala and Mountain (1997) that is implemented in Geneclass2. Secondly, we 

conducted a mixed stock analysis to estimate the relative proportions of different spawning 

groups in the archaeological samples using the Bayesian method described in Moran and 
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Anderson (2018) and implemented in the R package rubias. Modern herring samples were 

designated as the reference populations, and each temporal layer at an archaeological site was 

analyzed as a separate fisheries mixture. We conducted the mixed stock analysis (number of 

MCMC iterations = 10,000, burn-in steps = 1,000) using two reporting groups (winter spawners 

vs. late spawners) and three reporting groups (January-February spawners vs. March-April 

spawners vs. May-June spawners).  

RESULTS 

Modern samples 

 We identified seven loci that could assign individual modern samples to their spawning 

group (winter vs. late spawners) with a high success rate (99%). Five of these loci were within 

genes (THSb, CADPS, SYNE2, NFATC2, and GRB2) and two were in intergenic regions 

(Supplemental Table 3). At these seven loci, the number of genotyped modern samples ranged 

from 14 to 48 individuals in each population, while observed heterozygosities in each population 

ranged from  0.00 to 0.62. Per-locus estimates of FST at the seven loci ranged from 0.11 to 0.37, 

which is much higher than the average per-locus FST using all 7,261 RAD loci (mean per-locus 

FST = 0.009). AMOVAs using all 7,261 loci and the subset of seven loci both detected significant 

population structure between winter spawning and late spawning herring, and the estimated 

variance between spawning groups was much larger when the AMOVA was conducted using the 

subset of seven loci (Table 3-4).  

Using the subset of seven loci, we found that four out of 64 (6%) tests for HWE across 

populations were statistically significant (α = 0.05) due to heterozygote deficiency but these 

deviations were not concentrated within particular loci or samples. Additionally, we found that 
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12 out of 189 (5%) tests for linkage disequilibrium were statistically significant (α = 0.05). 

Pairwise FST between modern sample collections ranged from -0.003 to 0.48.  

The seven loci successfully assigned modern samples to their known spawning group of 

origin (winter vs. late spawners) using an individual assignment approach. Out of 347 modern 

herring samples, 11 (3%) failed to assign to a spawning group using an 85% probability 

threshold (Table 3-5). Of the remaining modern samples (N = 334), only three assigned to a 

spawning group that did not match their known group of origin, indicating a very high 

assignment success rate (>99%).  

We also evaluated whether these seven loci could be used to estimate the proportion of 

distinct populations in a mixed stock fishery using mixed stock analysis.  With two reporting 

groups (winter spawners vs. late spawners), the predicted accuracy of the genetic stock 

identification was very high (Figure 3-6); simulated mixtures originating from a single reporting 

group (100% simulations) resulted in mean estimate of mixture proportions for late spawners of 

98%, and for winter spawners of 99% (Figure 3-6) and correlations between simulated mixtures 

and resulting estimates were high (r2= 0.92). With three reporting groups (January-February 

spawners vs. March-April spawners vs. May-June spawners), the predicted accuracy of the 

genetic stock identification was lowest for early winter spawners and highest for spring spawners 

(Figure 3-6). In this case, the predicted accuracy of mixture analysis in 100% simulations ranged 

from 83% to 98% and correlations between simulated mixture proportion and estimates from 

r2=0.64 to r2=0.87 (Figure 3-6).  

Ancient samples 

  We were able to successfully genotype 83% of archaeological samples (N = 159) at six or 

more SNP loci.  Negative controls did not amplify in any genotyping reaction and we did not 
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observe any genotype mismatches between repeated genotyping of ancient samples. The number 

of genotyped ancient samples at each locus, archaeological assemblage, and temporal layer 

ranged from 46 to 30 individuals, while observed heterozygosities ranged from 0 to 0.50. The 

number of tests with statistically significant deviations from HWE (α = 0.05) ranged from one to 

four per archaeological site and layer, and the most deviations from HWE (N = 4) were observed 

in samples collected from the older Burton Acres temporal layer (915-680 ybp). Overall, six out 

of 42 (14%) tests for linkage disequilibrium were statistically significant (α = 0.05), and these 

only occurred in the Burton Acres assemblage (three significant tests per temporal layer).  

We visualized patterns of genetic differentiation in the ancient and modern samples using 

PCA and this analysis showed that most ancient samples clustered with contemporary herring 

populations that spawn in winter. Pairwise FST between ancient and modern sample collections 

ranged from -0.002 to 0.416, while pairwise FST between the two ancient sites ranged from 0.003 

to 0.046.  

Individual assignment of the ancient samples to contemporary herring populations 

showed that most ancient samples assigned to the winter spawning group (N = 140), while a 

small number (N = 4) were assigned to late spawners (Table 5) using an 85% probability 

threshold. The Burton Acres assemblage dated to 915-680 ybp contained the largest number of 

late spawning herring (N = 3). Fifteen samples failed to assign to either spawning group using an 

85% probability threshold.  

A mixed stock analysis using two reporting groups (winter vs. late spawners) yielded 

similar patterns; late spawners constituted ≤ 1% of  total samples across most sites and layers, 

except for the Burton Acres assemblage dated to 915-680 ybp (16%, Figure 3-7). Using three 

reporting groups for mixed stock analysis (January-February spawners vs. March-April spawners 
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vs. May-June spawners) allowed us to identify additional variability in the ancient samples. 

March-April spawners were abundant at the Bay Street assemblages, contributing ~90% of total 

samples in both temporal layers (Figure 3-7, Table 3-7). In contrast, the Burton Acres 

assemblage was more diverse; the more recent layer (post-contact) had much higher proportions 

of early spawners (~30% January-February spawners) than the other samples (Table 3-7), while 

May-June spawners accounted for 16% of samples in the older layer (915-680 ybp; Figure 3-7; 

Table 3-7).  

DISCUSSION 

Herring populations supporting ancient fisheries 

By investigating patterns of past population diversity with aDNA, we were able to 

identify herring populations harvested by Coast Salish fishers over a period of approximately 

900 years. Our genetic data reveal that catches in central Puget Sound were dominated by winter 

spawning herring (Figure 3-7). However, several late spawning herring were detected in the 

older Burton Acres assemblage (915-680 ybp), using both individual assignment and mixed 

stock analysis methods. Additionally, mixed stock analysis indicated that the Burton Acres 

herring catches were more diverse and likely consisted of mixtures of populations (Figure 3-7). 

Given that the estimated assignment accuracy to late spawners was between 98-99%, it is 

possible that some individuals were erroneously assigned to the late spawning population. 

However, if these ancient samples are truly late spawners, then our results may be an indication 

that people at the Burton Acres site used a portfolio of herring populations and benefited from 

the resource wave created by different spawning phenotypes.  

The ancient faunal assemblage is a product of both human foraging behaviors and 

resource availability, and also the result of taphonomic processes. Thus, there are a variety of 
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scenarios regarding the spatial scale of fishing, the relative abundance of herring populations, 

and/or the seasonality of herring harvest that may explain why winter spawning populations were 

highly abundant in the sampled archeological sites. We discuss each scenario below and place it 

in the context of available ecological and ethnographic information. 

One possible explanation for the predominance of winter spawners in the archaeological 

assemblages is that people primarily harvested herring that were available locally. Regional 

analyses of Northwest archeological sites (Kopperl 2001, Moss 2012) indicate that species 

encountered in faunal assemblages are correlated with local habitats; for example, riverine sites 

typically contain abundant salmon bones while coastal sites are characterized by marine species 

such as flatfish, cod, and sculpin. Pacific herring are relatively abundant throughout Puget Sound 

year-round  (Rice et al. 2012, Greene et al. 2015) but their reproductive behavior makes them 

easily accessible to coastal fishers and predators in the weeks and months prior to spawning, as 

adult fish aggregate to the nearshore environment to reproduce (Haegele and Schweigert 1985). 

A recent synthesis of archaeological data from the Northwest coast of North America 

(McKechnie et al. 2014) demonstrated that archaeological sites with a very high abundance (> 

80%) of herring bones are spatially correlated with modern spawning locations, often co-

occurring at distances less than 1 km, while sites with lower abundances of herring bones are 

more variable in regards to their distance to contemporary spawning locations. 

Both archaeological sites analyzed here are proximate (within 10 km) to contemporary 

winter spawning grounds (Figure 3-1), and the Burton Acres site is located in a bay with 

documented yearly spawning in winter (“Quartermaster Harbor” in Figure 3-2). Furthermore, 

multidecadal spawn surveys (Stick et al. 2014) show that most herring populations in central 

Puget Sound reproduce in winter and early spring, while the only late spawning population 
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reproduces at Cherry Point, a location that is approximately 170 km to the north of the sampled 

archaeological sites (Figure 3-1). Genetic data (this dissertation, second chapter) suggest that 

populations exhibit seasonal and geographic fidelity to spawning sites across multiple 

generations, thus it is possible that the great abundance of winter spawners in central Puget 

Sound faunal assemblages is the result of both spatiotemporal stability in the distribution of 

spawning sites and spatially localized fishing during the spawning season. To rigorously test this 

hypothesis, future research efforts could focus sampling such that ancient specimens are 

collected close to locations used by contemporary late spawning populations.  

A second possible explanation for the high abundance of winter-spawning herring in the 

archaeological record is that this resource may have been most desirable during the winter 

months.  Pacific herring and its roe are calorie-rich and nutritious (Moss 2016), and these items 

may have been an especially welcome food source in the winter, when other foods were not 

easily accessible or in short supply: “Herring eggs were, also, eaten fresh with smoked salmon 

or, if the supply of smoked salmon were exhausted by the time herring eggs were available, they 

were eaten with sprouts” (Smith 1940). Furthermore, the ethnographic literature contains a few 

descriptions that explicitly mention harvest during the spawning season. For example, here is an 

account of fishing by Puyallup and Nisqually people in central Puget Sound: “During the 

spawning season when large schools of herring and smelt crowded in to shore, the fish were 

dipped out with a loosely twined piece of matting. This matting was six feet long, about two and 

a half feet wide in the center and tapered to points at each end. It was made from green cedar 

boughs split once through the heart...The fisherman grasped the handles, one in each hand, the 

flat surface of the split poles toward him, bent the matting into a crescent-shaped curve, waded 
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in among the spawning fish, scooped them up and dumped them on the beach beyond the water 

line.” (Smith 1940).  

A third scenario that may explain the large number of winter-spawners in the faunal 

assemblage is that people harvested populations that were locally abundant and/or available for 

extended periods of time in the nearshore environment. It is important to consider this scenario, 

as ethnographies document that Coast Salish people also fished for herring outside of the 

spawning season (Smith 1940). Unfortunately, there is limited contemporary information on the 

population-specific movements and distribution of Puget Sound herring outside of their 

reproductive season. However, studies analyzing herring otolith microchemistry (Gao et al. 

2001) and persistent organochlorine pollutants (West et al. 2008) demonstrate that contemporary  

late spawning herring from Cherry Point have different chemical signatures from winter 

spawning populations from central Puget Sound. These results indicate that the contemporary 

late spawning population spends relatively little time in the estuary. Therefore it is possible that 

Coast Salish fishing communities in central Puget Sound depended on winter spawning herring 

populations because of their longer residence times in the estuary and their localized abundance. 

Although the temporal resolution of the archaeological record is limited to centennial 

scales, our study demonstrates that human communities in central Puget Sound predominantly 

harvested winter and early spring spawning herring over a period of 900 years. This stability in 

resource use is noteworthy given that our sampling encompassed the climatic oscillations of the 

Medieval Warm Period (900-1200 CE, 800-1100 ybp)  and Little Ice Age (1300 – 1850 CE, 150-

700 ybp), which are associated with large changes in resource use in other coastal communities 

such as the Norse Greenlanders (Dugmore et al. 2012) and New Zealand Maori (Nunn et al. 

2007). Bioenergetic models indicate that warm oceanic regimes are associated with low 
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recruitment and biomass in Pacific herring (Rose et al. 2008), and water temperatures are 

estimated to have been ~ 0.9 °C warmer during the Medieval Warm Period than during the Little 

Ice Age in the Pacific Ocean (Rosenthal et al. 2013). Despite this climatic variability, our data 

suggest that winter spawning herring populations remained abundant enough that fishing 

communities in Puget Sound could access them. Stability in marine resource use across this time 

period is also observed in other archaeological sites on the Northwest Coast (Hopt and Grier 

2018, Butler et al. 2019).  

Ancient population genetics and the quantification of past diversity 

In this study, we demonstrated the utility of preamplification PCR and SNP assays to 

analyze nuclear DNA in ancient fish samples. By genotyping a small number of SNPs with 

divergent allele frequencies in modern herring populations (winter spawners vs. late spawners), 

we were able to assign ancient individuals to contemporary populations and estimate their 

reproductive timing. This approach allowed us to cost-effectively genotype large numbers of 

ancient individuals and obtain sample sizes similar to those used in genetic studies of modern 

populations. The ability to analyze robust sample sizes reduces random sampling error and may 

lead to more accurate estimates of genetic diversity in ancient assemblages.  

However, we likely overestimated the predicted accuracy of our locus panel for 

individual assignment to spawning group because we did not conduct a double cross-validation 

of assignment using an independent set of modern samples with known spawn timing (Anderson 

2010). Sample sizes of the modern herring populations were relatively modest (mean N = 38) 

and we did not want to further subdivide those samples into smaller “training” and “holdout” 

data sets, as the estimated population allele frequencies would be subject to greater sampling 

error. Furthermore, we decided to use temporally replicated samples to verify that allele 
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frequencies at the seven loci were stable through time. Another limitation of our study is that we 

could only distinguish between winter and late spawning herring; because we used a small 

number of loci, we may have missed additional layers of genetic diversity, such as the presence 

of distinct winter spawning populations or extinct populations that are not present in our 

contemporary genetic baseline. Finally, our analyses are based on the assumption that the loci 

differentiating contemporary populations have temporally stable allele frequencies, and were 

thus also correlated with spawn timing in ancient populations. One of the loci used in our 

analyses (Locus_8468, Figure 4) is within a gene (SYNE2) strongly correlated with spawn timing 

in both Atlantic and Pacific herring (this dissertation, second chapter), suggesting that this 

genomic region is involved in the regulation of reproduction. Furthermore, allele frequencies at 

Locus_8468 are very divergent when comparing late and winter spawning populations across the 

Pacific Northwest coast (this dissertation, second chapter). These lines of evidence suggest that 

allele frequency differences at this locus are maintained by natural selection or have been present 

for a long time. 

At present, there is a trade-off between analyzing whole genomes for small numbers of 

samples and analyzing many samples at few loci. Although working with aDNA is technically 

challenging and ancient samples may be limited or scarce, new developments in laboratory 

techniques, such as hybridization capture (Carpenter et al. 2013), and the declining cost of 

sequencing may make the analysis of large numbers of ancient individuals and loci more 

common in the future (Shapiro and Hofreiter 2014). This will not only facilitate evolutionary 

studies in charismatic species such as large mammals (Lynch et al. 2015, Skoglund et al. 2015, 

Barlow et al. 2018) and hominids (Meyer et al. 2012, Prüfer et al. 2013, Nielsen et al. 2017) but 
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may also allow for population genetic and ecological investigations in species that are currently 

important to human livelihoods and ecosystem processes.  

In conclusion, we identified genetic diversity in ancient herring catches that is associated 

with phenotypic diversity and ecological resource waves in contemporary populations. Using 

aDNA, we demonstrated that ancient catches in central Puget Sound were predominantly 

composed of populations spawning in winter and early spring, a pattern consistent with current 

spawning distributions. At one of the archaeological sites, there was also evidence that Coast 

Salish people targeted a variety of herring populations and benefited from the ecological 

resource wave created by different spawning phenotypes. 
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TABLES AND FIGURES 

Table 3-1. The geographic location and date of each modern herring sample collection.   

Reporting group (for individual assignment and genetic stock identification) are also noted. 

 
Location name Sample Sample 

size 

Latitude Longitude Sampling 

date  

Two 

reporting 

groups 

Three 

reporting 

groups 

Squaxin Pass modern 42 47.20 -122.94 1/17/2007 winter Jan-Feb 

Port Orchard modern 46 47.69 -122.59 1/27/2014 winter Jan-Feb 

Skagit Bay modern 48 48.44 -122.57 2/25/2015 winter Jan-Feb 

Port Gamble modern 22 47.87 -122.60 3/12/2014 winter Mar-Apr 

Quilcene Bay modern 16 47.80 -122.85 3/26/2014 winter Mar-Apr 

Gabriola Island modern 45 49.16 -123.74 3/19/2015 winter Mar-Apr 

Elliott Bay modern 47 47.62 -122.36 4/15/2015 winter Mar-Apr 

Cherry Point A modern 34 48.93 -122.80 5/12/2014 late May-Jun 

Cherry Point B modern  47 48.93 -122.80 5/9/2016 late May-Jun 

 

 

 

Table 3-2. The geographic location and relative age of each archaeological sample 

collection. Radiocarbon dates were obtained from pieces of charcoal within each unit, with the 

exception of the "post-contact" layer from Burton Acres. This layer was likely deposited after CE 

~1850 because it contained metal artifacts such as a dime minted between 1860 and 1890, and a 

button likely manufactured in the 1890s (Stein and Phillips, 2002). 

 
Location name Sample Sample 

size 

Latitude Longitude Age (years before present) 

Bay Street Shell Midden ancient 48 47.54 -122.64 400-100 ybp 

Bay Street Shell Midden ancient 48 47.54 -122.64 800-550 ybp 

Burton Acres Shell Midden ancient 48 47.39 -122.45 post-contact 

Burton Acres Shell Midden ancient 48 47.39 -122.45 915-680 ybp 
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Table 3-3. Locus metadata for TaqMan assays used in this study. 

 
Assay name Forward 

primer 

Reverse 

primer 

Genomic 

scaffold 

(Atlantic 

herring) 

metadata Gene 

Annotation 

SNP mutation glob

al 

FST 

Locus_24510 CCTTCCA
GGTGAC

CTACAAT

CG 

GGGTTA
TCGGCT
GGTTCC

T 

NW_0122
22569.1 

mRNA thyrotopin  
subunit beta 

(THSb) 

A/G transition 0.24 

Locus_30660 GAAGCT
ATGGTTC
AATAAA

ACCTGCA
G 

GGTCCT
TTATAA
CCCACC
CTCTCT 

NW_0122
24044.1 

mRNA calcium 
dependent 
secretion 
activator 
(CADPS) 

G/T transversion 0.17 

Locus_6354 TGCGGCC

GCCTTAC
C 

CACACA

CACACA
CACACA
TACTC 

NW_0122

20857.1 

intergenic 
 

G/T transversion 0.11 

Locus_8468 GTGTGTG
TGCACAT
CTGTACC

T 

GGAGCG
CTGCAG
AGACAA 

NW_0122
20751.1 

mRNA nesprin-2 
(SYNE2) 

TG/C
T 

transition, 
transversion 

0.37 

Locus_519 GGTGTCC
TACCGTT
CCATAG

AGAA 

CTTGCT
GCTGCC
CATCTG 

NW_0122
20167.1 

intergenic 
 

A/G transition 0.18 

Locus_31014 AAGCCA
CACGCTT
TCTACCA 

CTGGAC
GTGGTG
ACGGT 

NW_0122
18584.1 

mRNA nuclear 
factor of 

activated T-

cells, 
cytoplasmic 

2-like 
(NFATC2) 

C/T transition 0.25 

Locus_725 ACAGGA
CGTACCA
TTTCTGT
ATCTGT 

GATGGA
AATGTG
GAATGG
GAGAG

AA 

NW_0122
17786.1 

mRNA growth 
factor 

receptor-
bound 

protein 2 
(GRB2) 

G/T transversion 0.25 
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Table 3-4. Hierarchical AMOVA results demonstrating significant population structure 

between spawning groups (winter spawners vs. late spawners) in modern samples, using a 

set of 7,261 RAD loci and a subset of seven loci.  

 

Variance 

component 

Number of loci Variance Percent of total 

variance (%) 

P-value Φ-statistic 

Between 
spawning groups 

N = 7 1.26 44.7 0.022 ΦCT =  0.51 

Between 

populations within 

spawning groups 

N = 7 0.13 4.6 0.001 ΦSC =  0.09 

Within 

populations 

N = 7 1.43 50.7 0.001 ΦST =  0.55 

Between 

spawning groups 

N = 7,261 19.58 1.93 0.035 ΦCT =  0.02 

Between 

populations within 

spawning groups 

N = 7,261 16.45 1.62 0.001 ΦSC =  0.02 

Within 

populations 

N = 7,261 980.93 96.46 0.001 ΦST =  0.04 

 

  

 

Table 3-5. Results of individual assignment for modern herring samples. 

 
Site Collection 

date 

Samples 

genotyped 

at 6+ loci 

Unassigned 

samples 

Samples 

assigned to 

winter-

spawners 

Samples 

assigned to late-

spawners 

Squaxin Pass 1/17/2007 42 1 40 1 

Port Orchard 1/27/2014 45 1 44 0 

Skagit Bay 2/25/2015 48 3 44 1 

Port Gamble 3/12/2014 22 1 21 0 

Quilcene Bay 3/26/2014 16 1 15 0 

Gabriola Island 3/19/2015 45 1 44 0 

Elliott Bay 4/15/2015 47 0 47 0 

Cherry Point A 5/12/2014 32 2 0 30 

Cherry Point B 5/9/2016 47 2 1 44 

 

  



84 

 

Table 3-6. Results of individual assignment for ancient samples.  

 

Site Radiocarbon 

date of layer 

Samples 

genotyped at 

6+ loci 

Unassigned 

samples 

Samples 

assigned to 

winter-

spawners 

Samples 

assigned to 

late-spawners 

Bay Street  400-100 ybp 41 0 41 0 

Bay Street  800-550 ybp 46 5 40 1 

Burton Acres post-contact 40 6 34 0 

Burton Acres 915-680 ybp 32 4 25 3 

 

 

Table 3-7. Results of mixed stock analysis for ancient samples.  

 

Site Radiocarbon 

date of layer 
Reporting 

group 

Mean 

estimated 

proportion  

5th-95th 

credible 

interval 

Two reporting groups 

Bay Street  400-100 ybp late < 0.01 0.00-0.03 

Bay Street  400-100 ybp winter 0.99 0.97-1.00 

Bay Street  800-550 ybp late 0.01 0.00-0.06 

Bay Street  800-550 ybp winter 0.99 0.94-1.00 

Burton Acres post-contact late 0.01 0.00-0.04 

Burton Acres post-contact winter 0.99 0.96-1.00 

Burton Acres 915-680 ybp late 0.16 0.06-0.29 

Burton Acres 915-680 ybp winter 0.84 0.71-0.94 

Three reporting groups 

Bay Street  400-100 ybp Jan-Feb 0.08 0.00-0.26 

Bay Street  400-100 ybp Mar-Apr 0.91 0.73-1.00 

Bay Street  400-100 ybp May-Jun 0.01 0.00-0.03 

Bay Street  800-550 ybp Jan-Feb 0.09 0.01-0.21 

Bay Street  800-550 ybp Mar-Apr 0.90 0.77-0.98 

Bay Street  800-550 ybp May-Jun 0.01 0.00-0.07 

Burton Acres post-contact Jan-Feb 0.36 0.21-0.52 

Burton Acres post-contact Mar-Apr 0.63 0.47-0.79 

Burton Acres post-contact May-Jun 0.01 0.00-0.04 

Burton Acres 915-680 ybp Jan-Feb 0.15 0.01-0.35 

Burton Acres 915-680 ybp Mar-Apr 0.69 0.51-0.85 

Burton Acres 915-680 ybp May-Jun 0.16 0.06-0.29 
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Figure 3-1. Map of archaeological sites (black triangles) in relation to contemporary 

herring spawning locations in Puget Sound. Spawning locations in Washington State are 

depicted by colored outlines that represent the average reproductive date, estimated using data 

from multiple decades of spawn surveys (Stick et al. 2014). We do not show spawning locations 

in British Columbia. Genetic samples from contemporary spawning herring were collected at the 

locations marked with translucent circles.  
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Figure 3-2. Biomass of adult herring estimated for different spawning sites in Puget Sound. 

Data are from the Washington Department of Fish and Wildlife (Stick et al. 2014). The color of 

each point represents the date of peak spawning activity in that year. We only show sites that 

have been surveyed for more than 10 years. The site “POPM” refers to Port Orchard-Port 

Madison. Note that the y-axes are different for each plot, and that the late-spawning population 

once had the largest biomass.  
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Figure 3-3. Proportions of herring in relation to other fish bones at each archaeological site.   

Temporal layers are labelled with their estimated age, when that information is available. Layers 

sampled in this study for aDNA are marked with a double helix. A) Bay Street shell midden 

(data from Lewarch et al. 2002), B) Burton Acres (data from Kopperl 2001), and C) examples of 

prootic bones used in this study.   
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Figure 3-4. Major allele frequency patterns of SNPs in contemporary herring populations, 

based on genotypes generated by RAD sequencing. The color of each point represents the date 

of sampling a spawning event.  Note the relatively large differences in allele frequency when 

comparing late-spawners to other herring populations in Puget Sound.   
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Figure 3-5. PCA of modern and ancient herring samples using 7 nuclear SNPs. Points 

represent the modern samples genotyped using RAD sequencing, and color indicates the date of 

sample collection (as in Figure 1). The ancient herring samples, genotyped using SNP-based 

assays, are represented by black triangles or squares, according to their estimated age. A) 

Comparison of modern herring and ancient samples collected from Burton Acres; B) 

Comparison of modern herring and ancient samples collected from the Bay Street shell midden.  
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Figure 3-6. Predicted accuracy of mixed stock analysis using simulated mixtures with 

known mixture proportions (x-axis), generated from modern herring samples genotyped at 

seven nuclear loci. A) Estimates of simulated mixture proportions using two reporting groups. 

Diagonal line indicates expectations for perfect assignment. B) Results of 100% simulations 

using two reporting groups. C) Estimates of simulated mixture proportions using three reporting 

groups. Diagonal line indicates expectations for perfect assignment. D) Results of 100% 

simulations using three reporting groups. 
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Figure 3-7. Results of mixed stock analysis for ancient herring samples. Estimated mixture 

proportions are displayed on y-axis and error bars indicate the 95% credible intervals.  Different 

panels represent archaeological sites and temporal layers, while colors correspond to a reporting 

group. A) Estimated mixture proportions using two reporting groups; B) Estimated mixture 

proportions using three reporting groups 
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