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Introduction  

 

Our understanding of evolutionary adaptation is expanding as new methodologies 

increase our power to uncover the genetic basis of phenotypic variation in response to 

environmental change (Bomblies & Peichel, 2022). An iconic example is the disappearance of 

lateral plates in three-spined stickleback (Gasterosteus aculeatus) after colonizing freshwater 

lakes (Bell et al., 2004), where subsequent studies using next-generation sequencing identified 

loci corresponding to lateral plate formation (Hohenlohe et al., 2010). Further comparisons 

across lake and stream ecotypes revealed evolution acting in parallel at the same genomic 

regions across multiple systems, suggesting selection acted in response to environmental 

differences such as predation and food resources (Rennison et al., 2019). Adaptation is generally 

thought to span hundreds or thousands of generations. However, recent evidence shows that it 

can also occur on much shorter timescales (Rudman et al., 2022; Vanôt Hof et al., 2011). 

Recently, large scale anthropogenic impacts are driving environmental changes at an 

unprecedented rate, which will continue to result in population declines, especially species with 

low phenotypic plasticity or the inability to quickly adapt (Bonamour et al., 2019; Henson et al., 

2017; Hoffmann & Sgrò, 2011; Malhi et al., 2020). Solutions for declining populations often 

involve increased human intervention to boost the number of individuals, yet such interventions 

may introduce their own risks (Snyder et al., 1996). 

 Domestication is a human-mediated intervention that can cause relaxation of natural 

selection and introduce artificial selection pressures to the captive environment (Balon, 2004; 

Christie et al., 2012; Mignon-Grasteau et al., 2005). Domestication often involves deliberate 

artificial selection, such as increased milk production in dairy cattle (Flori et al., 2009), coat 

color in domestic pigs (Fang et al., 2009), and resistance to diseases in aquaculture facilities 

(Hillestad et al., 2020). On the other hand, inadvertent selection can occur when the captive 
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environment causes genetic shifts, such as dogs ability to digest starch due to diet shifts (Arendt 

et al., 2016). Both deliberate and inadvertent domestication can result in divergence from their 

wild counterparts, and an increase in frequency of artificially selected traits may also result in 

unintended fitness reductions (Doublet et al., 2019; Tillotson et al., 2019). 

Pacific salmon populations are generally declining across their range (Gustafson et al., 

2007), and these declines are partly attributed to habitat alteration and climate change 

(Ainsworth et al., 2011; Crozier et al., 2021; Jones et al., 2020; Muñoz et al., 2015; Neuswanger 

et al., 2015; Thompson et al., 2019). Although Pacific salmon have been shown to adapt to 

changing environments (Fraik et al., 2021; Gilbert, 2012), numerous populations are endangered 

and at risk of extirpation (Gustafson et al., 2007). Hatcheries have been used to supplement 

declining wild populations and enhance stocks for harvest (Amoroso et al., 2017). Different from 

most methods of captive breeding, captive-reared salmon are released from hatcheries once they 

reach a certain development stage. Some hatcheries have seen increased redd abundance and 

spatial distribution after hatchery supplementation (Fast et al., 2015). However, rearing 

conditions in the hatchery may also promote divergence between hatchery and wild fish. For 

example, hatcheries offer a relaxed selection regime with little predation and abundant food. As a 

result, hatchery fish show increased competitive behavior and dominance (Metcalfe et al., 2003), 

changes in run timing (Ford et al., 2006), faster growth (Blouin et al., 2021; Fleming & Einum, 

1997), and reduced predator avoidance behaviors compared to wild fish (Álvarez & Nicieza, 

2003). Additionally, when hatchery fish are released into the wild, they generally have reduced 

reproductive success (O'Sullivan et al., 2020; Thériault et al., 2011) and decreased survival rates 

(Beamish et al., 2012; Blouin et al., 2021; Christie et al., 2012). Such divergence poses a risk to 

wild populations if maladapted, captive-origin individuals interbreed with wild individuals 

(Besnier et al., 2022; Bradbury et al., 2022; Fleming & Einum, 1997; Grant, 2011; Hagen et al., 
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2019; Thériault et al., 2011; Utter, 1998). Therefore, increased knowledge on the genetic impacts 

of domestication could greatly benefit hatchery and wild populations. 

Past studies have aimed to identify the genetic basis of domestication in response to 

aquaculture and hatchery rearing. Domesticated salmonids tend to be selected for early 

maturation, increased growth rate, and higher tolerance of parasites (Ayllon et al., 2015; Barson 

et al., 2015; Larsen et al., 2019). Genetic studies of farmed Atlantic salmon found differentially 

expressed genes, such as those associated with lipid metabolism in response to diet (Jin et al., 

2020), and some expression tendencies were found in parallel across aquaculture facilities 

(Roberge et al., 2006). Additionally, divergent SNPs were discovered in populations of farmed 

and wild Atlantic salmon, yet there is little overlap in identified loci across studies (Karlsson & 

Moen, 2010; Karlsson et al., 2011; López et al., 2019; Mäkinen et al., 2015; Naval-Sanchez et 

al., 2020; Vasemägi et al., 2016; Vasemägi et al., 2012; Yáñez et al., 2016). Research on the 

epigenome (Gavery et al., 2018; Le Luyer et al., 2017; Leitwein et al., 2021), transcriptome 

(Christie et al., 2016), and genomes of Pacific salmon (Waters et al., 2018; Waters et al., 2020) 

also found differentiation between hatchery and wild populations. Waters et al. (2015 & 2018) 

used RAD-seq to identify divergent loci in Chinook salmon over four generations of hatchery 

rearing. Notably, the hatchery line that was segregated from the wild population showed greater 

genetic divergence from the wild population than the hatchery line that was integrated with wild 

fish, suggesting that hatchery management practices can impact the degree of genetic divergence 

from the wild populations (Waters et al., 2015; Waters et al., 2018). Recently, a whole-genome 

sequencing study on Chinook salmon showed divergence between hatchery and natural origin 

fish over one generation (Ford et al., 2022). However, we do not know if the genetic pathways of 

domestication and their fitness consequences are consistent across hatcheries. While few studies 
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have investigated domestication selection on a genomic level, none have done so in parallel 

across multiple hatchery-wild population pairs.  

In this study, we further explored domestication selection in Chinook salmon using low 

coverage whole genome sequencing (lcWGS) in three hatchery lines of Chinook salmon. Each 

line was compared to its wild progenitor population within Southeast Alaska (SEAK). The three 

hatchery lines were separated for five to seven generations (approximately 30 years) from their 

wild progenitor populations. These pairwise comparisons were used to (i) discover genomic 

regions of differentiation across each hatchery population compared to its wild progenitor 

population and (ii) identify if there were parallel, shared regions of adaptive divergence across 

the three hatchery-wild pairwise comparisons. These results provide fine-scale genomic evidence 

for domestication and highlight the need to assess if certain management practices, such as 

integration of wild broodstock, can universally mitigate genetic risks despite multiple pathways 

of domestication. 

 

Methods 

 

Population descriptions 

 The National Oceanic and Atmospheric Administrationôs Little Port Walter Research 

Station (LPW) is located on southeastern Baranof Island, approximately 140 km south of Juneau 

(Figure 1). Since 1976, LPW has maintained a salmon research hatchery comprising two stocks 

of spring Chinook salmon. The focal stock for this study is derived from the Unuk River, located 

near Ketchikan, Alaska, which had an average annual escapement of approximately 1,800 adults 

in the past ten years (Meredith et al., 2022). Wild broodstock from the Unuk River was collected 

annually from 1976-1981 to initiate the LPW research hatchery stock (128 females and 119 

males total; Templin, 2001). Wild gametes from nine males and nine females were also infused 
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into the LPW research hatchery stock in 1998. Each year, LPW released an average of 107,000 

tagged Unuk smolts and collected all returning adults to propagate the next generation and 

address a variety of ecological and evolutionary questions. Only tagged LPW fish from the Unuk 

stock were used to spawn the following generation (i.e. segregated hatchery program), and the 

matings usually entailed evenly splitting the eggs from one female and fertilizing by two males.  

Whitman Lake Hatchery is a production-focused hatchery located in Ketchikan, Alaska 

(Figure 1) and operated by the Southern Southeast Regional Aquaculture Association, Inc. The 

stock of spring Chinook salmon produced by Whitman Lake is derived from the Chickamin 

River, also near Ketchikan, which had an average annual escapement of approximately 2,000 

adults in the last ten years (Meredith et al., 2022). The hatchery stock was initiated in 1981 when 

hatchery-origin Chickamin eggs were transferred from another facility in the region (Templin, 

2001). Whitman Lake received additional hatchery-origin Chickamin eggs and fry from other 

facilities in 1987, 1993, 1994, and 2013. Wild broodstock was also collected annually from 

1983-1987 (204 females and 104 males total; Templin, 2001). An average of 1.2 million 

Chickamin stock smolts have been released annually from Whitman Lake and other remote sites 

over the past 10 years, with approximately 13% of the fish coded-wire tagged (RMIS). The 

facility collects gametes from returning adults to produce the next generation, however the origin 

for a majority of the adults cannot be determined since only a fraction of the released fish are 

tagged. Therefore, there is the possibility that stray wild and hatchery fish from other stocks are 

occasionally spawned.  

 Macaulay Hatchery is a production-focused hatchery operated by Douglas Island Pink 

and Chum, Inc. (DIPAC) in Juneau, Alaska (Figure 1). Andrew Creek spring Chinook salmon is 

the wild progenitor population of the Macaulay hatchery. A tributary of the lower Stikine River, 

Andrew Creek had an average annual escapement of 690 adults over the past 10 years (Salomone 
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et al., 2022). The Andrew Creek hatchery stock was initiated at another facility from 1976-1980 

when gametes were collected annually from wild broodstock (Templin, 2001). Hatchery-origin 

eggs and juveniles were then transferred from 1987-1992 to initiate production at Macaulay 

(formerly known as Gastineau Hatchery). The facility collects gametes from returning adults to 

produce the next generation, although additional inputs of Andrew Creek hatchery stock from 

other facilities have been received by Macaulay in some years. An average of 834,000 Andrew 

Creek stock smolts have been released annually from Macaulay and nearby locations over the 

past 10 years, with approximately 14% of the fish coded-wire tagged (RMIS). Similar to 

Whitman Lake hatchery, the origin for a majority of the adults returning to Macaulay cannot be 

determined since only a fraction of the released fish are tagged. Therefore, there is the possibility 

that stray wild and hatchery fish from other stocks are occasionally spawned. Matings at 

Macaulay are typically one female fertilized by two to four males. 
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Figure 1: Site map of Southeast Alaska and the corresponding locations for each hatchery 

population (point) and wild population (shown as watershed). Colors represent the hatchery-wild 

comparison populations. 

 

Macaulay 
Little Port Walter 
Whitman Lake 
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Sample collection 

 Fin clips were collected from returning adult Chinook salmon at hatchery facilities, and 

samples from wild populations were collected during spawning ground surveys by staff from the 

Alaska Department of Fish and Game (ADF&G). For this study, wild Unuk River samples 

(Unuk-W) were used from collections in 1988 and 2004, and Little Port Walter samples (Unuk-

H) were collected in 2020. Phenotypic data was collected for all Unuk-H fish returning to LPW 

(the only population in this study with individual phenotypic data) including weight, length, sex, 

and age of return. Most individuals returned at age four (56%), followed by those of age five 

(38%), while few were age three (3%) or age six (3%). From these proportions, age of return was 

assumed to be four or five years; therefore, the number of generations of hatchery rearing since 

they were derived from the progenitor stock ranges from at least four to no more than 11 

generations. The wide range is due to the infusion of wild gametes from nine males and nine 

females in 1998. Wild samples from the Chickamin River (Chickamin-W) were collected in 

1990 and 2005, and the corresponding hatchery samples at Whitman Lake (Chickamin-H) were 

collected in 2014. Since the average age of return is unknown, the number of generations of 

hatchery rearing for Chickamin stock at Whitman Lake hatchery ranges from five to nine 

generations assuming a return age of four to six. Wild samples from Andrew Creek (Andrew-W) 

were collected in 1989 and 2004, and the corresponding samples at Macaulay hatchery (Andrew-

H) were collected in 2014. Since 58% of Andrew Creek Chinook return at age five (ages four 

and six each represent approximately 20% of returns), a generation time of five years results in 

approximately eight generations of hatchery rearing since derivation from the progenitor stock 

(Lorna Wilson (ADF&G), pers. communication). DNA from tissue samples was extracted with 

Qiagen DNAeasy Blood and Tissue Extraction kits using manufacturerôs protocols (Hilden, 

Germany). 
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Effective population size and population metrics from GT-sequencing 

 To assess the potential for allele frequency changes due to genetic drift, effective 

population size of the six populations was estimated using a 299 SNP panel of Genotyping-in-

Thousands by sequencing (GT-sequencing) markers. The 299 SNP panel is commonly used for 

population assignment of Chinook from SEAK. The panel was pared down to 254 following 

filtering for poorly genotyped samples and SNPs with high linkage disequilibrium (LD). Using 

NeEstimator v2.1 (Do et al., 2014), effective population size (Ne) was determined using the 

linkage disequilibrium method, with a critical value set to 0.05 to remove rare alleles. 

Furthermore, GenAlEx (Peakall & Smouse, 2012) was used to determine observed 

heterozygosity (HO). Weir and Cockerhamôs FST estimates were calculated using GenePop 

(Raymond & Rousset, 1995), and FST values were further used to conduct a principal coordinate 

analysis across the six populations using standardized distance-based covariance. These metrics 

were subsequently compared to the whole-genome sequencing metrics (i.e., FST and HO).  

 

Whole genome sequencing 

 Library prep for whole genome libraries was conducted following methods in Euclide et. 

al. (in prep). Samples were sent to Novogene (Sacramento, CA) for whole genome sequencing 

(WGS) using paired-end 150-bp reads on an Illumina NovaSeq with an intended genome-wide 

depth of coverage of 3x.  

 

Sequence alignment and genotype likelihood estimation  

Fastq reads were aligned to the Chinook salmon reference genome (Otsh_v1.0; 

GFA_002872995.1; Christensen et al., 2018) using bwa mem with default parameters (Li & 

Durbin, 2009). The aligned reads were processed with SAMtools and converted to sorted bam 
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files using default parameters. Then, ANGSD v0.930 (Korneliussen et al., 2014) was used to call 

SNPs, and genotype likelihoods were determined with the SAMtools model (GL 1) for all 192 

individuals. For each SNP call, the minimum minor allele frequency was set at 5% (minMaf 

0.05), and a p-value cutoff of 10-10 was used to remove rare alleles and low confidence SNPs 

(snp_pval 1e-10). The minimum number of individuals with genotype likelihoods at a 

polymorphic locus was set to 70% of the total (minInd 134), minimum depth of coverage was set 

to the total number of individuals (setminDepth 192), and maximum depth was set to the total 

number of individuals multiplied by twice the coverage, which was set to four to account for 

individuals with greater coverage (setmaxDepth 1500). Genotype likelihoods with at least a 99% 

base call accuracy (minQ 20) and mapping accuracy (minMapQ 20) were retained. Major and 

minor alleles for all individuals were determined from genotype likelihoods (doMajorMinor 1).  

 To explore genetic divergence across populations, principal component analyses (PCAs) 

were conducted using PLINK v1.9 (Purcell et al., 2007). The corresponding covariance matrix 

led to the identification and removal of four individuals (three from Unuk-H, one from 

Chickamin-W) that skewed the clustering, which may have been due to relatedness and missing 

data. All further analyses utilized the remaining 188 individuals. Further PCAs were conducted 

using genotype likelihoods with PCAngsd (Meisner & Albrechtsen, 2018). To ensure there was 

no population structure between wild samples efforts, individuals were also identified by 

sampling effort. Due to lack of clustering between efforts, wild samples were combined into one 

population.  

 

Identification of regions with high genomic divergence  

To determine weighted pairwise FST (Weir and Cockerhamôs) for the three hatchery-wild 

pairs, site allele frequency likelihoods were calculated in ANGSD (doSaf 1) using the same filter 
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criteria as above for each population, except the SNP p-value cutoff was set to 10-6. Using the 

folded site frequency spectrum for each hatchery-wild pair (realSFS), global (realSFS fst stats) 

and genome-wide FST (realSFS fst stats2) was calculated. Manhattan plots of genome-wide FST 

were plotted in R on a per-SNP basis to visualize genetic differentiation across hatchery and wild 

pairs.  

We identified FST peaks of interest to investigate genomic regions that may be responding 

to domestication selection within each hatchery-wild population pair. First, only the top 5% of 

SNPs with the highest FST values across the genome were retained for sliding window analyses 

to remove background noise of non-outlier FST SNPs. The genome was then divided into non-

overlapping windows of sizes 10 kilobases (KB) and 100 KB, which were used to capture both 

narrow and wide peaks. For each size, windows were determined to be outlier peaks if they met 

two criteria: i) the maximum FST value in the window was within the top 1% of FST values from 

the retained SNPs, and ii) SNP density in the window was within the top 0.5% of densities across 

all windows. These criteria were established to find windows with numerous high-FST SNPs that 

ultimately created an outlier peak (these identified high FST regions are hereafter called peaks). 

Furthermore, peaks were compared across each hatchery-wild pair to identify differentiating 

regions shared across hatcheries. Chinook salmon genes were downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov/genome/13133?genome_assembly_id=360171), and location of 

genes was compared to outlier peaks, identifying those within and near windows. Further 

analyses on these peaks included exploration of potential structural variants using the lostruct R 

package (Li & Ralph, 2018), which created local PCAs in 50-SNP non-overlapping windows. 

Using the Euclidean distance output, multidimensional scaling (MDS) was plotted to discover 

outliers across the genome and determine if any identified peaks showed signs of a structural 

variant. Additionally, local PCAs were conducted within 5 KB on either side of the SNP with the 

https://www.ncbi.nlm.nih.gov/genome/13133?genome_assembly_id=360171
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highest FST value of each outlier peak (for a total of 10 KB) to assess potential structural 

variation at the peaks. Furthermore, genotype likelihood heatmaps were developed using custom 

R scripts (originally developed by Sara Schaal) across the same 10 KB regions as the local PCAs 

to visualize allele frequency differences within peaks. 

Linkage disequilibrium (r2) was calculated in ngsLD (Fox et al., 2019) within each 

identified outlier peak. Within each outlier peak, LD was calculated for all SNP pairs within the 

same 10 kb regions as described above for genotype likelihood heatmaps. LD was calculated 

within each population separately, so that hatchery and wild LD trends could be compared to one 

another. Subsequently, LD was calculated across each hatchery-wild comparison by including all 

individuals from both hatchery and wild pairs to increase sample size for follow-up tests. To test 

if  LD in the peaks deviated from background rates of LD, additional r2 estimates were calculated 

for ten randomly selected 10 KB regions outside of outlier peaks. This was performed to help 

interpret whether outlier peaks were driven by selection or drift (drift would likely be responsible 

if LD was similar between outlier regions and the randomly selected regions, whereas selection 

would likely be responsible if LD was consistently higher in outlier regions). To account for 

potential bias due to the relationship between LD and distance, a randomization without 

replacement method was used to subset the background r2 values, which was repeated 600 times. 

The number of background r2 values that were subset was equal to the number of r2 values in the 

corresponding outlier peak to maintain equal sample sizes. For each randomization permutation, 

a Wilcoxon Rank-Sum test (Ŭ = 0.05) was performed to compare the outlier peak r2 values to the 

background r2 values. If the same statistical pattern (i.e., significant difference in r2 between 

peaks and background) was found in at least 90% of the permutations then the difference in r2 

values was determined to be significant.  
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 Additional genome-wide analyses were conducted to determine if FST outlier peaks were 

supported by other metrics. Absolute genetic divergence (Dxy) was calculated on a per-SNP basis 

using ngsToolsô getDxy.pl script (Fumagalli et al., 2014) to further explore the modes of 

selection occurring at these peaks. Subsequent analyses of Tajimaôs D were calculated in 

ANGSD (thetaStat do_stat) with a sliding window of 10,000 bases and a step of 5,000 bases. 

Similarly, genome-wide heterozygosity was calculated on a per-SNP basis using ngsToolsô 

ngsStat (Fumagalli et al., 2013) to investigate genetic diversity within populations and compare 

heterozygosity across hatchery and wild population at each peak. Using custom scripts in R, 

heterozygosity was plotted using non-overlapping windows consisting of 15,000 bases. 

Heterozygosity was further explored by determining if it was significantly different between the 

wild and hatchery populations within each outlier peak using a Wilcoxon Rank-Sum test (Ŭ = 

0.05). 

 

Results 

 Low coverage genomic sequencing produced an average of 63 million reads across each 

of the 188 individuals in the WGS dataset. The average percent coverage for each base pair was 

78%, and the average depth of coverage was 3.6X (range = 1.4X ï 6.8X). After quality filtering 

and SNP scoring, the final set of retained genotype likelihoods for each population averaged 6 

million SNPs (range = 4,658,433 ï 7,034,208).  

 Principal component analyses across all individuals, comprising 1.1 million SNPs, 

allowed for visualization of the population structure. The first and second principal components 

explained 1.62% and 1.30% of the variance, respectively (Figure 2A). Samples from Chickamin-

H and Chickamin-W overlapped the most out of all hatchery-wild pairs, followed by Andrew-H 

and Andrew-W. However, the third principal component accounted for variation (0.62%) 
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between Chickamin-H and Chickamin-W (Figures A1A & A1B). Unuk-H was the most 

dispersed and did not overlap with Unuk-W, suggesting a high degree of genetic difference 

between Unuk-H and the Unuk-W relative to the other population comparisons. Unuk-W and 

Chickamin-W were adjacent in the PCA, which is reflective of their geographic proximity (see 

Figure 1). One individual from Chickamin-W and another from Andrew-W clustered near Unuk-

H, which was unexplained and may suggest straying from other hatchery populations into 

Andrew-W and Chickamin-W (both had depth of coverage greater than four, suggesting this was 

not due to poor sequencing). The PCA results were further corroborated from the principal 

coordinate analysis (PCoA) using GT-seq data at 254 SNPs for each population, which showed 

similar clustering patterns (Figure 2B). 

        

Figure 2: Principal component analysis (PCA) from (A) whole-genome sequencing data for each 

sample, and (B) principal coordinate analysis (PCoA) from GT-sequencing data for each 

population.  

 

 Estimates of effective population size (Ne) served as proxies of genetic diversity within 

each population, where Unuk-W was 15 times that of Unuk-H, which had the lowest Ne of all 

populations (1,397 vs. 92, respectively, Table 1). Andrew-W had the largest Ne (1,582), which 

A) B) 
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was approximately three times greater than Andrew-H (535). In contrast to the other two wild 

populations, Chickamin-W was 1.3 times greater than Chickamin-H and was also less than the 

Ne at Andrew-H. Observed heterozygosity from WGS and GT-seq did not vary greatly across 

populations, although HO was slightly less for GT-seq calculations compared to WGS (Table 1). 

Interestingly, whenever HO from WGS was greater in the wild population compared to the 

corresponding hatchery population, HO from GT-seq was greater in the hatchery population, 

although the differences between the two are minor (maximum difference between hatchery and 

wild HO per population pair is 0.009).  

 

Table 1: Hatchery and wild population pairs, sample sizes for WGS and GT-sequencing samples 

with their collection year, estimated effective population sizes (Ne) with corresponding 

parametric confidence intervals, and observed heterozygosity (Ho). 

 Site 
WGS 

n (Year) 

GT-seq 

n (Year) 

 GT-seq  

Ne (CI)  

WGS  

Ho (SE) 

GT-seq  

Ho (SE) 

Unuk-H 32 (2020) 46 (2018) 
92  

(78 - 109) 

0.295 

(0.00006) 
0.280 (0.012) 

Unuk-W 
16 (2004) 

91 (1988) 
1397  

(679 - Infinity)  

0.298 

(0.00006) 
0.277 (0.012) 

16 (1988) 

Andrew-H 32 (2014) 46 (2014) 
535  

(288 - 2895) 

0.299 

(0.00005) 
0.269 (.012) 

Andrew-W 
16 (2004) 

188 (2004) 
1582  

(1010 - 3485) 

0.296 

(0.00005) 
0.272 (.011) 

16 (1989) 

Chickamin-H 32 (2014) 47 (2014) 
264  

(188 - 441) 

0.302 

(0.00006) 
0.270 (0.012) 

Chickamin-W 
16 (2005) 

91 (2005) 
349  

(274 - 477) 

0.296 

(0.00006) 
0.279 (0.012) 

16 (1990) 

 

Global FST estimates between all populations revealed low genetic differentiation 

between the populations. The GT-seq estimates were generally similar to WGS estimates, and 

FST estimates were greatest between Andrew-H and Unuk-H for both methods (GT-seq FST = 

0.0291; WGS FST = 0.0231). In some cases, WGS data had greater values than GT-seq, such as 

in the Chickamin H/W comparison (GT-seq FST = 0.0079; WGS FST = 0.0102). Out of the three 
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hatchery-wild pairs, Andrew had the lowest combined estimates (GT-seq FST = 0.0033; WGS FST 

= 0.0088), whereas Unuk had the greatest differentiation (GT-seq FST = 0.0184; WGS FST = 

0.0138), which aligns with visualized genetic distances from the PCA and PCoA.  

Table 2: Pairwise global FST across all loci with WGS (below the diagonal) and GT-seq (above 

the diagonal). Darker red colors represent greater FST values. Bold values are hatchery-wild 

population pair comparisons. 
 

  Unuk-H Unuk-W Andrew-H Andrew-W Chickamin-H Chickamin-W 

Unuk-H 0 0.0184 0.0291 0.0263 0.0220 0.0211 

Unuk-W 0.0138 0 0.0162 0.0117 0.0118 0.0080 

Andrew-H 0.0231 0.0162 0 0.0033 0.0284 0.0268 

Andrew-W 0.0201 0.0137 0.0088 0 0.0202 0.0217 

Chickamin-H 0.0183 0.0113 0.0222 0.0204 0 0.0079 

Chickamin-W 0.0176 0.0111 0.0220 0.0195 0.0102 0 

 

The genome-wide Manhattan plots further identified genomic regions with greater FST 

than the background across each hatchery-wild pair (Figure 3). The Chickamin H/W comparison 

showed the least genome-wide differentiation, whereas global FST suggested Unuk-H and Unuk 

had the greatest levels of differentiation. In all populations, some regions contained numerous 

SNPs that formed identifiable peaks, which were approximately five to ten kilobases wide. Two 

peaks in the Unuk hatchery-wild comparison on chromosomes four and nine were particularly 

pronounced (Chr. 4: Average FST = 0.173, Max FST = 0.370; Chr. 9: Average FST = 0.148, Max 

FST = 0.337). The quantifiable method used to determine outlier peaks led to the discovery of 17 

peaks in Unuk, 15 peaks in Andrew, and five peaks in the Chickamin hatchery-wild comparison 

(see Table A1). None of the peaks were located in the same genomic region across the hatchery-

wild pairs.  
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 Peaks were better visualized by zooming in on the regions of interest (Figure 4a). 

Numerous genes overlapped with or were close to the peaks, but no gene ontology analysis was 

conducted, so the function is still unknown (Table 3). Additionally, MDS outliers from lostruct 

analyses did not fall in the same regions as outlier FST peaks (Figure A4). After conducting PCAs 

in the MDS outlier regions, there was no distinct clustering into two or three groups, as would be 

expected for structural variants (Huang et al., 2020). Furthermore, local PCAs for SNPs within 

each of the outlier peaks also showed little to no sign of separation into two or three clusters, 

suggesting that structural variants across hatchery-wild populations is not likely. 

 Absolute genetic divergence (Dxy) was generally higher in FST peaks, such as in the Unuk 

outlier peak on chromosome four (Figure 4C), although there were numerous peaks that had 

slight or no elevation in Dxy. The genotype likelihood heatmap for chromosome four 

corroborated Dxy values since the minor allele became the major allele in the hatchery 

population, which shows a departure from the ancestral allele (Figure A3). This was delineated 

in numerous genotype likelihood heatmaps for other peaks, but not all showed an increase in Dxy 

(Table 3). For the peak at 53 MB on chromosome four, heterozygosity was significantly greater 

in the Unuk-W population compared to Unuk-H (p = 0.0125), although heterozygosity averaged 

across windows, as shown in Figure 4C, does not seem dramatically different. Tajimaôs D is 

slightly elevated within the same, but it also does not seem dramatically different from 

background deviations (Figure 4E). 
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Figure 4: Unuk H/W on chromosome 4 outlier peak around 53 Mb. (A) Manhattan plot of FST 

outlier peak, showing genes that are within or near the peak, (B) LD (r2) heatmap including SNPs 

for hatchery and wild populations within the same peak across a total of 10 KB ï red is higher 

LD and blue is lower LD; (C) Heterozygosity ï yellow is hatchery, blue is wild; (D) Dxy for 

Unuk H/W; (E) Tajimaôs D for the Unuk-H (LPW) population. Gray vertical lines represent the 

outlier peak window, which is 6.6 KB wide. 

 

 Linkage disequilibrium heatmaps revealed regions of high LD within the peaks for the 

combined hatchery and wild populations (Figure 4B). To parse out the LD contributions of the 

hatchery and wild populations, they were separately plotted as LD heatmaps within each peak. 

These results showed that the patterns of LD were not consistently shared between peaks (as 

shown in Figure A3). In some peaks, LD was greater in the hatchery population; in others, it was 

greater in the wild population. For example, the peak on chromosome 9 of Unuk H/W had 

A) 

B) C) 

D) 

E) 
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greater LD in the hatchery population than in the wild population but note that no statistics were 

calculated (Figures S2C & S2D). Overall, most peaks showed similar levels of LD across both 

the hatchery and the wild populations. However, LD within combined hatchery and wild 

populations was generally elevated in outlier peaks compared to background levels of LD 

(Figure 5). Thirty-three of the 37 outlier peaks had significantly greater LD than background 

levels (Table 3). However, the most visually identifiable FST peak from the Chickamin 

comparison did not show a greater LD than the background (Figure 5C), which was surprising 

since the LD heatmap had high r2 values in the peak (Figure A5). This may suggest that LD is 

generally greater on chromosome 12 than other chromosomes, or it may be a function of random 

sampling.  

  

Figure 5: Boxplots of LD (r2) calculated for hatchery & wild samples of five of the 37 outlier 

peaks on (A) Unuk chromosome 4, (B) Andrew chromosome 12, and (C) Chickamin 

chromosome 12. Outlier peaks were statistically compared to background LD on the same 

chromosome of each peak. *** p -value < 0.0001, ns = not significant. 

 

Additional metrics were determined across all outlier peaks. Overall, most peaks did not 

have differing heterozygosity between hatchery and wild populations (Table 3). Across all 

comparisons, heterozygosity was greater in the hatchery population at six peaks and also greater 

ns 



 

21 

 

in the wild population at another six peaks, whereas the remaining 25 peaks had no statistical 

difference across hatchery and wild populations (Table 3). 

Table 3: Number of outlier peaks per comparison and additional descriptions of the peaks 

including maximum FST, average size in kilobases, number of genes within peaks, and the total 

peaks that had significantly greater LD (r2). Elevated LD in peaks was statistically measured 

compared to background LD using a Wilcoxon Rank Sum Test (Bonferroni correction; Ŭ = 0.05). 

Statistically different observed heterozygosity (Ho) in either the wild or hatchery population 

within outlier peaks was determined using a Wilcoxon Rank Sum test (Ŭ = 0.05), where some 

peaks had greater heterozygosity in the hatchery population and some greater in the wild (see 

Table A1 for peak-specific metrics). 

Population 

Pair 

Number 

of Peaks 

Max FST 

in Peaks 

Average Size 

of Peaks (Kb) 

Number 

of 

Genes  

Signif. 

Elevated 

LD 

Signif. 

Different 

Ho 

Unuk-H 
17  0.478 34.5 25 14 

3 

Unuk-W 5 

Andrew-H  
15  0.339 33.3 17 12 

2 

Andrew-W 1 

Chickamin-H 
5  0.274 20.6 8 4 

1 

Chickamin-W 0 

 

Discussion 

 

Many studies have observed a rapid reduction of fitness in multiple hatchery lines of 

Pacific salmon (Blouin et al., 2021; Christie et al., 2014; O'Sullivan et al., 2020). There have 

been numerous mechanisms proposed that drive these differences, but the underlying effects and 

relative importance of domestication selection has not been fully elucidated (Gavery et al., 2018; 

Le Luyer et al., 2017; Mäkinen et al., 2015). In this study, we investigated Chinook salmon in 

three independent hatchery lines and compared them to their wild progenitors. We used whole 

genome sequencing to discover outlier regions of differentiation and compared these regions to 

determine if they were conserved across hatcheries. We found signatures of domestication 

selection following approximately six to eight generations of hatchery rearing. However, the 

degree of differentiation varied depending on the hatchery line. When utilizing outlier peaks to 

distinguish regions of potential domestication selection, no regions were found in parallel across 
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all three hatchery-wild population pairs, suggesting the targets of domestication selection vary 

between the three hatchery lines.  

 

Population divergence and diversity 

The Chickamin and Andrew hatchery-wild FST estimates were the least differentiated of 

all FST comparisons. This, along with the principal coordinate analysis results (see Figure 2), 

suggests that these two hatchery lines have less differentiation from their wild progenitor 

populations relative to Unuk, although note that PC3 shows genetic distance between 

Chickamin-H and Chickamin-W (Figure A1). Theoretically, when comparing wild populations 

to one another, the differences are attributed to standing genetic variation across stocks; when 

comparing hatchery populations to one another, the differences are attributed to both standing 

genetic variation from their founding population and the effects of domestication selection. 

Therefore, it is expected that the wild progenitor population would show the lowest amount of 

divergence to its hatchery line than any other population because it would only be accounting for 

changes due to domestication selection or drift. This was not the case for Unuk-H, where global 

FST estimates showed greater differentiation between Unuk-W and its corresponding hatchery 

line than to the other two wild populations. Therefore, six to eight generations of captive-

breeding in Unuk-H created more differentiation from its wild progenitor population than to 

salmon from adjacent watersheds.  

The divergence between Unuk-W and Unuk-H may largely be due to the low effective 

population size of 92 at Unuk-H, which was expected because the LPW Research Station has a 

smaller number of individuals in the experimental hatchery line than the two production-focused 

hatcheries (107,000 annual releases at Unuk-H compared to over 800,000 and 1.2 million at 

Chickamin-H and Andrew-H, respectively). Another potential reason for the low Ne in the Unuk-
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H population is because LPW is likely more segregated than the other two hatchery lines due to 

100% coded wire tagging and real-time broodstock screening prior to spawning, although all 

three hatcheries are presumed to have little to no gene flow with their progenitor population. This 

lack of gene flow likely contributes to a reduction in Ne, which seems to result in stronger 

genetic drift within Unuk-H than the other hatchery lines (Martinez et al., 2022). Although the 

other two hatchery populations have greater Ne than Unuk-H, there is still reduced Ne for both 

Chickamin-H and Andrew-H compared to their wild counterparts. Andrew-H was the only 

hatchery line with an Ne estimate greater than 500, which is predicted to be large enough to 

maintain genetic diversity in a population (Franklin & Frankham, 1998). Therefore, the effective 

population sizes at these hatcheries provide a broad understanding of the potential severity of 

genetic drift in the hatchery populations (Naish et al., 2013), with Unuk-H showing greater 

genetic drift than Chickamin-H and Andrew-H.  

Heterozygosity differences between populations seem largely unaffected across hatchery-

wild comparisons. This may allude to gene flow between the hatchery line and strays that are 

inadvertently incorporated in broodstock for the two production-focused hatcheries. For 

example, Waters et. al. (2015 & 2018) found greater differentiation from the wild population and 

inbreeding in the segregated line (broodstock consisting of only hatchery fish) compared to the 

integrated line (broodstock consisting of hatchery and wild-origin fish). Since the current study 

has no quantitative data on gene flow in the Chickamin-H and Andrew-H line, we cannot directly 

compare gene flow across hatchery lines like that of (Waters et al., 2015). However, if 

individuals from the progenitor stock are introduced into the hatchery lines, the signatures of 

selection may get lost if alleles adapted to the hatchery environment are mixed with wild alleles 

(Bourret et al., 2011). Similar levels of genetic diversity across domesticated and wild 

populations were found in Atlantic salmon (Mäkinen et al., 2015; Vasemägi et al., 2012) as well 
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as Pacific salmon (Smith et al., 2014; Waples et al., 1990). Moreover, heterozygosity decreases 

at a slower rate as Ne during a bottleneck, so the lack of reduction may be a function of few 

generations since the hatchery populations were founded (Allendorf, 1986; Nei et al., 1975).  

 

Outlier FST peaks 

Due to the process of hitchhiking, neutral regions that are in strong linkage with an allele 

under selection will also see changes in allele frequencies, resulting in a selective sweep 

(Hermisson & Pennings, 2005). Selective sweeps in novel environments often utilize standing 

genetic variation, where alleles that were unfavorable or neutral in the original environment are 

favored in the new environment (Hermisson & Pennings, 2005). Selective sweeps can create 

footprints of selection, which WGS can detect with more precision than previously used methods 

such as RAD sequencing (Lou et al., 2021). In this study, we quantitatively identified peaks for 

detection of selective sweeps across the genomes of each hatchery-wild pair. From the hatchery-

wild comparisons, 17 outlier peaks were detected in Unuk, 15 in Andrew, and five in Chickamin. 

Hitchhiking selection is likely driving some of the allele frequency differences within many 

outlier peaks due to increased LD in 80% of peaks compared to background estimates of LD. 

Since genetic drift is expected to reduce recombination genome-wide, the increased LD in the 

outlier peaks potentially indicates localized selective sweeps (Ohta & Kimura, 1969; Slatkin, 

2008). Generally, Tajimaôs D within peaks did not deviate from the background rate, although 

the genome-wide trend was positive. A positive Tajimaôs D can indicate either balancing 

selection or a recent decrease in population size (Tajima, 1983), the latter of which is supported 

from Ne estimates. Furthermore, Tajimaôs D may not have the power to detect the signatures of 

recent domestication (Innan & Kim, 2004), which is most likely the case in the present study. 

However, the combined metrics demonstrate that selective sweeps are likely the driving force in 
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most of the outlier peaks, which may be a direct effect of domestication selection (Liu et al., 

2014).  

Although analyses were conducted on all identified outlier peaks, we focused on the peak 

on chromosome four (53 Mb) in the Unuk hatchery-wild comparison. This peak is approximately 

6.6 kb long, which is smaller than most peaks (average = 32.0 kb). The LD heatmap showed 

statistically greater LD within the peak compared to background regions of chromosome four 

(average p-value = 1.4x10-49). Heterozygosity within the peak was greater in the wild population 

than the hatchery population, averaging 0.325 and 0.285, respectively (p = 0.015). However, 

heterozygosity between wild and hatchery populations across all outlier peaks did not show 

consistent trends, with over two-thirds of peaks showing insignificant differences. Estimates of 

absolute genetic divergence (Dxy) were also elevated at this peak, which suggests the allele 

frequency changed such that the minor allele in the wild population increased in frequency in the 

hatchery population to become the major allele. Thus, for outlier peaks that corresponded to 

elevated Dxy, the hatchery populationôs haplotype diverged from that of the ancestral allele 

(supported by genotype likelihood heatmaps, Figures A3C & A3F; Han et al., 2017). Similar to 

Tajimaôs D, Dxy is known to have lower power than FST when the divergence time is short 

(Cruickshank & Hahn, 2014). As a result, the change in Dxy between hatchery and wild is not 

pronounced when comparing our estimates of Dxy to other studies (e.g., Clucas et al., 2019; 

Ravinet et al. 2018). Another reason for lower Dxy may be because other studies found locally 

adapted alleles with high gene flow, which is another mechanism that can increase Dxy (Han et 

al., 2017). One way populations can locally adapt with high gene flow is through structural 

variants such as inversions (Huang et al., 2020). However, the analyses presented here suggest 

no evidence of inversions and support selection on a locus-by-locus basis. 
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Evidence for domestication selection 

Although the data suggest domestication selection is operating on multiple genes within 

the Chinook salmon genome, none of the outlier peaks were shared across hatchery-wild 

comparisons. Previous studies that identified parallel changes in salmon across captive-bred 

facilities largely identified genes with shared function (Le Luyer et al., 2017; Roberge et al., 

2006). For example, in a study addressing transcriptional differences in farmed and wild Atlantic 

salmon, Roberge et al. (2006) found 16% of gene expression transcripts to be in parallel across 

aquaculture facilities. However, no specific loci were found in parallel; rather, they identified 

gene expression patterns that were responsible for similar functions, suggesting that the 

aquaculture populations took different pathways to the same result (Roberge et al., 2006). Le 

Luyer et al. (2017) similarly found regions of the muscle epigenome to be hypermethylated in 

two hatchery coho salmon (Oncorhynchus kisutch) populations compared to wild populations, 

and this hypermethylation was consistent across populations. A follow-up study found similar 

results of hypermethylation in the epigenome of male germ cells (Leitwein et al., 2021). Some 

alleles have been found in parallel across multiple aquaculture facilities, but most are not shared 

across populations (López et al., 2019). Overall, these studies, together with the results presented 

herein, suggest that domestication selection is likely polygenic and targets multiple genes 

involved in many different biochemical pathways.  

Domestication selection may be difficult to detect in the genome during the first few 

generations may be difficult, especially when selection is weak and genetic heterozygosity is 

high (Mäkinen et al., 2015; Waters et al., 2015). This has been a common complexity of 

domestication selection studies in hatchery-reared or farmed salmonids, especially when studies 

utilized lower coverage methodologies such as RAD-sequencing and SNP chips (López et al., 

2019; Mäkinen et al., 2015; Vasemägi et al., 2012). In response to the lack of evidence linking 
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genetic changes to phenotypic differences in captive-bred individuals, some studies have 

attributed fitness changes to epigenetics and transcriptomics, theorizing a genotype-by-

environment response to domestication pressures in salmonids (Christie et al., 2016; Gavery et 

al., 2018; Le Luyer et al., 2017; Leitwein et al., 2021). While those mechanisms likely contribute 

to differences between hatchery-reared and wild salmon, the results of this study suggest that 

domestication selection is prevalent in the genomes of multiple hatchery lines. This is further 

supported by a recent study by Ford et al. (2023), which found genetic divergence in Chinook 

salmon at greater rates than would be expected at random after only one generation of hatchery-

rearing. This suggests that divergence between hatchery and wild populations is prevalent, but 

high-resolution genomic techniques are needed to discover regions of differentiation. These 

regions of divergence across the genome may be undergoing allele frequency shifts in response 

to differences between the hatchery and wild environments. Furthermore, the identified outlier 

peaks may not be the only genomic regions experiencing domestication selection in these 

populations, and further investigation may identify quantitative traits with additive effects (da 

Silva Ribeiro et al., 2022).   

 

Limitations and future directions 

There may be inherent genetic differences in the three comparisons that contribute to the 

lack of overlap across hatchery-wild comparisons. First, the three wild populations are 

genetically distinct stocks, which means that there might not be the same standing genetic 

variation in all populations. Another possible reason for the lack of parallel signals of 

domestication selection could be attributed to differences in hatchery practices across sites, 

which may have caused different paths of domestication selection. Lastly, the wild samples were 

collected after the hatchery stock was established, so it is possible that either i) the wild samples 
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do not fully represent the genetic architecture of the founding broodstock, or ii ) selection 

occurred in the wild populations after the hatcheries were established. However, the latter is 

unlikely because FST comparisons between the two wild collections years did not find outlier 

peaks in the same regions as those identified in the hatchery-wild comparisons (Figure A2B).   

An additional limitation of this study is the lack of phenotypic data, which eliminated the 

option of attributing genes within peaks to phenotypic differences across wild and hatchery 

populations. Genome-wide association studies previously conducted in wild Chinook salmon 

compared to salmon from two different hatchery management regimes discovered trait-

associated loci related to changes in weight, run timing, and maturation (Waters et al., 2018). 

However, more research is needed to further elucidate the genetic architecture of phenotypes 

associated with domestication selection. As whole genome sequencing becomes more accessible, 

future studies should address relationships between phenotypic and genetic changes in hatchery-

reared salmon, which highlights the need for phenotypic data collection of hatchery broodstock.  

 

Conclusions 

Further investigation in the differences between the management of hatchery lines may 

elucidate why selection was seemingly stronger in the Unuk hatchery line than Andrew and 

Chickamin. As previously mentioned, there is potential that smaller, more segregated hatchery 

lines may experience stronger domestication selection than those that experience greater gene 

flow (Martinez et al., 2022; Waters et al., 2015). However, additional studies directly addressing 

different hatchery practices would be necessary to determine how operations may impact genetic 

diversity and fitness of hatchery salmon. Even though the regions under selection were not 

shared between hatchery lines, there may be similar genetic pathways under selection across 

locations. Regardless, these results suggest that hatchery fish are experiencing domestication 



 

29 

 

selection, and that their genomes are deviating from their wild progenitor populations after only 

a few generations of hatchery-rearing.  
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APPENDIX 

 

   
Figure A1: (A) PC1 vs. PC3 (B) PC2 vs. PC3, and for which PC3 shows spread between 

Chickamin-H and Chickamin-W. 

 

                

  
Figure A2: LD heatmaps at chromosome 4 around the peak at 53 Mb (A) only Unuk-H samples, 

(B) only Unuk-W samples, and (C) corresponding heatmap of genotype likelihoods for each 

sample (blue is reference allele, yellow is heterozygous, and red is alternative allele; the opacity 

represents likelihood of correct genotype call, where opaque is 100% likelihood). Similarly, LD 

heatmaps at chromosome 9 around 14 Mb for (D) Unuk-H, (E) Unuk-W, and (F) corresponding 

heatmap of genotype likelihoods for each sample.  

A) B) 

A) B) C) 

D) E) F) 



 

31 

 

 
Figure A3: MDS4 plot from lostruct output of all sampled individuals, showing outlier regions 

on chromosomes 3 and 10. 

 

 

           

           
Figure A4: Andrew H/W comparison at chromosome 12 around 29 Mb in the Andrew H/W 

comparison showing the (A) Outlier FST peak and (B) corresponding LD heatmap; Outlier FST 

peaks on chromosome 12, at approximately 33 Mb in the Chickamin H/W comparison showing 

the (C) Outlier FST peak and (D) corresponding LD heatmap. Vertical lines on heatmap represent 

FST outlier peak.  

 

 

 

A) B) 

C) D) 


