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Abstract 
The current bibliography lists publications in primary scientific journals and other documents published 
in 2021 and early 2022 by Fisheries and Oceans Canada scientists and their collaborators relevant to the 
2016–2022 NPAFC Science Plan. The bibliography lists 33 publications, many with abstracts, 
corresponding to the key research components of the NPAFC Science Plan. 
 
 
Introduction 
The Science Sub-Committee of the North Pacific Anadromous Fish Commission (NPAFC) developed a 
five-year Science Plan (2016–2022) 
(https://npafc.org/wp-content/uploads/Public-Documents/2020/1665Rev.1SSC.pdf) with five research 
themes intended to help understand variations in Pacific salmon productivity in a changing climate: 
 
1. Status of Pacific Salmon and Steelhead Trout 
2. Pacific Salmon and Steelhead Trout in a Changing North Pacific Ocean 
3. New Technologies 
4. Management Systems 
5. Integrated Information Systems 
 
The current bibliography lists recent publications in primary scientific journals and other documents 
published during 2021 and early 2022 by Fisheries and Oceans Canada scientific staff and their 
collaborators. These documents outline results from Canadian research relevant to the current NPAFC 
Science Plan. The bibliography lists publications, many with abstracts, corresponding to the first three 
research components of the Science Plan. Although each publication is listed under one research theme, 
some are relevant to more than one research theme. 
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Theme 1: Status of Pacific Salmon and Steelhead Trout 
 
Anderson, E.D., King, J.R. and Zubkowski, T.B. 2021. Ecosystem-Based Juvenile Pacific 
Salmon (Oncorhynchus spp.) Trawl Survey off North East Vancouver Island, British Columbia, 
September 30 - October 8, 2019. Can. Data Rep. Fish. Aquat. Sci. 1335: vi + 39 p. 
https://publications.gc.ca/collections/collection_2021/mpo-dfo/Fs97-13-1335-eng.pdf 

Fisheries and Oceans Canada conducted an ecosystem-based trawl survey from September 
30 to October 8, 2019 on the CFV Sea Crest. This study targeted juvenile Pacific Salmon off 
North East Vancouver Island. There were 21 species sampled in 716 kg of catch, with 26% 
Pacific Salmon caught by weight. Overall, Opalescent Inshore Squid (29%), Chum Salmon 
(14%), and juvenile Sablefish (13%) were the most abundant species by weight. Lengths and 
weights were recorded for 14 species, including all 5 Pacific Salmon species (Oncorhynchus 
spp.). Juvenile Chum Salmon and Pink Salmon were the most abundant Pacific Salmon species 
with large catches throughout the study area, except within Queen Charlotte Sound. Chum 
Salmon had the lowest percentage of empty stomach (4%), whereas juvenile Chinook Salmon 
had the highest percentage of empty stomachs (20%). Juvenile Coho Salmon, Pink Salmon, 
and Sockeye Salmon were primarily feeding on euphausiids and amphipods. Chinook salmon 
were primarily feeding on Pacific Herring, as well as amphipods. Biological samples for genetic 
stock composition and energy density are at the Pacific Biological Station, Fisheries and Oceans 
Canada (Nanaimo, BC). Associated information on the physical oceanography and zooplankton 
composition was collected from 36 stations and analysed at the Institute of Ocean Sciences, 
Fisheries and Oceans Canada (Sidney, BC). 
 

Anderson, E.D., Tabata, A.M., Zubkowski, T.B., and King, J.R. 2021. Juvenile Pacific Salmon 
(Oncorhynchus spp.) Trawl Survey on the South Coast of British Columbia, July 10-20, 2015. 
Can. Data Rep. Fish. Aquat. Sci. 1340: vi + 38 p. https://waves-vagues.dfo-
mpo.gc.ca/Library/40982233.pdf  

Fisheries and Oceans Canada conducted a trawl survey from July 10-20, 2015 on the CCGS 
W.E. Ricker. This study targeted juvenile Pacific Salmon in southern British Columbia (BC). 
There were 85,194 individuals caught from 24 species in 54 tows. Pacific Herring was the most 
abundant species with 92% of the total catch, primarily caught in three tows. All species of 
Pacific Salmon (Oncorhynchus spp.) were caught. Salmon species in decreasing abundance 
by count were: Pink Salmon (41 juveniles, 1217 adults), Coho Salmon (471 juveniles, 247 
adults), Chum Salmon (467 juveniles, 119 adults), Chinook Salmon (90 juveniles, 64 adults), and 
Sockeye Salmon (45 juveniles, 50 adults). Catch distribution varied based on salmon species 
and life stage. Biological samples for genetic stock composition (790), otoliths (468), pathogen 
analyses (239), energy density and stable isotope analyses (2,812), and coded wire tags (95) 
were returned to the Pacific Biological Station, Fisheries and Oceans Canada (Nanaimo, BC). 
Associated information on the physical oceanography (52 locations) and zooplankton samples 
(51 locations) were returned to the Institute of Ocean Sciences, Fisheries and Oceans Canada 
(Sidney, BC). 

 
Anderson, E.D., Tabata, A.T., Zubkowski, T.B. and King, J.R. 2021. Ecosystem-Based Juvenile 
Pacific Salmon (Oncorhynchus spp.) Trawl Survey off North and West Coast Vancouver Island, 
British Columbia, October 4 - 17, 2021. Can. Tech. Rep. Fish. Aquat. Sci. 1350: vi + 39 p. 
https://waves-vagues.dfo-mpo.gc.ca/Library/41023067.pdf  

Fisheries and Oceans Canada conducted an ecosystem-based trawl survey from October 4- 
17, 2021 on the CFV Nordic Pearl. This study targeted juvenile Pacific Salmon off the North 
and West Coast of Vancouver Island. There were 30 species sampled in 924 kg of catch, with 
55% Pacific Salmon caught by weight. Overall, the genus Aequorea (226 kg), adult Chum 
Salmon (170 kg), and juvenile Chum Salmon (166 kg) were the most abundant catch by weight. 

https://waves-vagues.dfo-mpo.gc.ca/Library/40982233.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/40982233.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/41023067.pdf
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There were 1626 individual lengths and 1161 individual weights recorded, including all 5 Pacific 
Salmon species (Oncorhynchus spp.). Juvenile Chum Salmon were the most abundant juvenile 
Pacific Salmon species with catches throughout the study area. Juvenile Chinook Salmon 
were the second most abundant juvenile Pacific Salmon species, mainly caught within West 
Coast Vancouver Island Inlets. Juvenile Pink Salmon were only found in Queen Charlotte Strait, 
whereas juvenile Sockeye were localized in Clayoquot Sound. Juvenile Pink Salmon had the 
highest percentage of empty stomach (14%). Common prey species for juvenile salmon included 
Pacific Herring, amphipods, euphausiids, and unidentified remains. Biological samples for 
genetic stock composition, otoliths, energy density, muscles, gills, blood, and coded wire tags 
are at the Pacific Biological Station, Fisheries and Oceans Canada (Nanaimo, BC). Associated 
information on the physical oceanography (31 stations) and zooplankton composition (30 
stations) was collected and will be analysed at the Institute of Ocean Sciences, Fisheries and 
Oceans Canada (Sidney, BC). 

 
Beacham, T.D., Wallace, C., Jonsen, K., Sutherland, B.J.G., Gummer, C., and Rondeau, E.B. 2021. 
Estimation of conservation unit and population contribution to Chinook salmon mixed-stock 
fisheries in British Columbia, Canada, using direct DNA sequencing for single nucleotide 
polymorphisms. Can. J. Fish. Aquat. Sci. 78: 1422–1434.  https://doi.org/10.1139/cjfas-2020-0462  

Determination of population structure and stock identification is a general problem in fisheries 
assessment and management. Pacific salmon fishery management regimes are evolving to require 
higher resolution of stock composition on increasingly smaller reporting units. For Chinook 
salmon (Oncorhynchus tshawytscha), a stock identification baseline comprised of some 125 198 
individuals from 369 populations ranging from Russia to California was employed for genetic 
stock identification (GSI). GSI analysis based on variation at up to 547 single nucleotide 
polymorphisms (SNPs) was demonstrated to provide accurate estimates of stock composition for 
68 conservation units (CUs) in British Columbia, 23 reporting groups in the United States, and 
one reporting group in Russia. In many instances, accurate population-specific estimates of stock 
composition within a CU were possible in fishery samples, as well as identifying individuals to 
some specific populations. A genetics-based assessment system provides an opportunity for 
conservation-based management of Canadian Chinook salmon. 

 
Bradford, M.J., Thompson, A.S., and Taylor, G.C. 2021. Migration and distribution of juvenile 
Chinook Salmon in the Nechako River, British Columbia, 1996. Can. Manuscr. Rep. Fish. Aquat. 
Sci. 3216: iv + 70 p.  http://waves-vagues.dfo-mpo.gc.ca/Library/40984011.pdf  

The Nechako River is an important Chinook Salmon (Oncorhynchus tshawytscha) producing 
tributary of the Fraser River that is regulated for electricity production. We monitored 
downstream migration and distribution of juvenile Chinook Salmon in the middle and lower 
reaches of the Nechako River in 1996 and relate our findings to concurrent studies that were 
conducted by the Nechako Fisheries Conservation Program in the upper river. Age-0 Chinook 
Salmon in the Nechako River emerged from spawning beds in April and May in the upper river 
and we found juveniles moved downstream to the lower river in June and July. In contrast, in the 
tributary Stuart River, juveniles migrated considerable distances immediately after emergence 
and entered the lower Nechako River in May. Juveniles were found to leave the Nechako River 
and enter the Fraser River from May through July. Shoreline sampling revealed that juvenile 
abundance throughout the river peaked early June and declined afterwards, likely as a result of 
mortality or downstream dispersal. By the end of the summer, juveniles were more abundant in 
the lower river than further upstream. Our results illustrate the diversity of early freshwater life 
histories both within and among populations, highlighting the need to understand this diversity 
for the effective management of these populations and their habitats. 
 
 

https://doi.org/10.1139/cjfas-2020-0462
http://waves-vagues.dfo-mpo.gc.ca/Library/40984011.pdf
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Chalifour., L., Scott, D.C., MacDuffee, M., Stark, S., Dower, J.F., Beacham, T.D., Martin, T.G., and  
Baum, J.K. 2021. Chinook salmon exhibit long-term rearing and early marine growth in the Fraser 
River, British Columbia, a large urban estuary. Can. J. Fish. Aquat. Sci. 78: 539-550. 
https://doi.org/10.1139/cjfas-2020-0247  

Estuaries represent a transition zone for salmon migrating from fresh water to marine waters, yet 
their contribution to juvenile growth is poorly quantified. Here, we use genetic stock 
identification and otolith analyses to quantify estuarine habitat use by Chinook salmon 
(Oncorhynchus tshawytscha) — the Pacific salmon species considered most reliant on this habitat 
— in Canada’s most productive salmon river, the Fraser River. Two years of sampling revealed 
subyearling migrant (ocean-type) Chinook from the Harrison River to be the estuary’s dominant 
salmon population throughout the emigration period. These Chinook salmon were caught 
predominantly in the estuary’s brackish marshes but shifted to more saline habitats as they grew. 
Otolith analyses indicated that these Chinook salmon have wide-ranging entry timing (from 
February to May) and longer estuarine residency (weeks to months, mean 41.8 days) than 
estimated by prior studies, but similar daily growth rates (mean ± SD: 0.57 ± 0.13 mm) across 
entry dates and residency periods, implying sufficient foraging opportunities throughout the 
emigration period and habitats. Together, these results suggest that estuarine habitat is more 
important for early marine growth of subyearling migrant Chinook salmon than previously 
recognized. 
 

Christensen, K.A., Le Luyer, J., Chan, M.T.T., Rondeau, E.B., Koop, B.F., Bernatchez, L., and 
Devlin, R.H. 2021. Assessing the effects of genotype-by-environment interaction on epigenetic, 
transcriptomic, and phenotypic response in a Pacific salmon. G3 Genes|Genomes|Genetics, 11(2) 
jkab021.   https://doi.org/10.1093/g3journal/jkab021  

Genotype-by-environment (GxE) interactions are non-parallel reaction norms among individuals 
with different genotypes in response to different environmental conditions. GxE interactions are 
an extension of phenotypic plasticity and consequently studying such interactions improves our 
ability to predict effects of different environments on phenotype as well as the fitness of 
genetically distinct organisms and their capacity to interact with ecosystems. Growth hormone 
transgenic coho salmon grow much faster than non-transgenics when raised in tank environments, 
but show little difference in growth when reared in nature-like streams. We used this model 
system to evaluate potential mechanisms underlying this growth rate GxE interaction, performing 
RNA-seq to measure gene transcription and whole-genome bisulfite sequencing to measure gene 
methylation in liver tissue. Gene ontology (GO) term analysis revealed stress as an important 
biological process potentially influencing growth rate GxE interactions. While few genes with 
transcription differences also had methylation differences, in promoter or gene regions, many 
genes were differentially methylated between tank and stream environments. A GO term analysis 
of differentially methylated genes between tank and stream environments revealed increased 
methylation in the stream environment of more than 95% of the differentially methylated genes, 
many with biological processes unrelated to liver function. The lower nutritional condition of the 
stream environment may cause increased negative regulation of genes less vital for liver tissue 
function than when fish are reared in tanks with unlimited food availability. These data show a 
large effect of rearing environment both on gene expression and methylation, but it is less clear 
that the detected epigenetic marks are responsible for the observed altered growth and 
physiological responses. 
 

Devlin, R.H., Supernault, J., Gezan, S.A., Chan, M.T.T., Wetklo, M., Biagi, C.A., Sakhrani, D., 
Barnetson, S., Dixon, G., Tattersall, E., Davidson, W.S., Koop, B.F., Willis, D.M., and Withler, R.E. 
2021. Environmental and genetic influences on fitness-related traits in a hatchery coho salmon 
population. Can. J. Fish. Aquat. Sci. 78: 852–868. https://doi.org/10.1139/cjfas-2020-0383  

https://doi.org/10.1139/cjfas-2020-0247
https://doi.org/10.1093/g3journal/jkab021
https://doi.org/10.1139/cjfas-2020-0383
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Many natural and managed organisms will require substantial functional genetic variation to 
respond to selection in the face of rapid environmental change. Pacific salmon have experienced 
strong fluctuations in critical fitness traits over the past five decades. We examined genetic and 
phenotypic variability over three generations in a pedigreed hatchery population of coho salmon 
(Oncorhynchus kisutch) by monitoring seven fitness-related traits. Three-year-old adult return 
numbers varied more than fivefold, and jack (2-year-old males) numbers varied 13-fold. Body 
sizes of Inch Creek coho salmon decreased consistently such that fish were only 40.7% as heavy 
in 2015 as in 2006, and female reproductive traits also decreased. During the study period, the 
majority of families produced returning adult progeny, and effective population size was 
relatively constant. Heritability estimates for phenotypic traits were significantly greater than zero 
except for condition factor, and the estimated heritability for jacking was 0.42. The Inch Creek 
coho salmon population harbours substantial heritability for fitness and reproductive traits and 
thus likely retains substantial capacity for adaptation despite many years of hatchery propagation. 

 
Freshwater, C., Anderson, S.C., Beacham, T.D., Luedke, W., Wor, C., and King, J. 2021. An 
integrated model of seasonal changes in stock composition and abundance with an application to 
Chinook salmon. PeerJ 9:e11163.   https://doi.org/10.7717/peerj.11163 

Population-specific spatial and temporal distribution data are necessary to identify mechanisms 
regulating abundance and to manage anthropogenic impacts. However the distributions of highly 
migratory species are often difficult to resolve, particularly when multiple populations’ 
movements overlap. Here we present an integrated model to estimate spatially-stratified, seasonal 
trends in abundance and population composition, using data from extensive genetic sampling of 
commercial and recreational Chinook salmon (Oncorhynchus tshawytscha) fisheries in southern 
British Columbia. We use the model to estimate seasonal changes in population-specific 
standardized catch per unit effort (a proxy for abundance) across six marine regions, while 
accounting for annual variability in sampling effort and uncertain genetic stock assignment. We 
also share this model as an R package stockseasonr for application to other regions and species. 
Even at the relatively small spatial scales considered here, we found that patterns in seasonal 
abundance differed among regions and stocks. While certain locations were clearly migratory 
corridors, regions within the Salish Sea exhibited diverse, and often weak, seasonal patterns in 
abundance, emphasizing that they are important, year-round foraging habitats. Furthermore, we 
found evidence that stocks with similar freshwater life histories and adult run timing, as well as 
relatively proximate spawning locations, exhibited divergent distributions. Our findings highlight 
subtle, but important differences in how adult Chinook salmon use marine habitats. Down-scaled 
model outputs could be used to inform ecosystem-based management efforts by resolving the 
degree to which salmon overlap with other species of concern, as well as specific fisheries. More 
broadly, variation in stock-specific abundance among regions indicates efforts to identify 
mechanisms driving changes in size-at-maturity and natural mortality should account for distinct 
marine distributions. 

 
Hyatt, K.D., McQueen, D.J., Ogden, A.D., Benson, R., and Wright, H. 2021. Age-structured 
interactions among reintroduced Sockeye Salmon, resident Kokanee, invasive mysids, and their 
zooplankton prey in Skaha Lake, British Columbia. N. J. Fish. Manage. 41:1246-1273.  
https://doi.org/10.1002/nafm.10635  

In 2004, after an 85+ year absence, Sockeye Salmon Oncorhynchus nerka were reintroduced into 
Skaha Lake, British Columbia. Prior to this, the lake’s planktivore community was dominated by 
kokanee (lacustrine Sockeye Salmon) and an invasive freshwater shrimp Mysis diluviana, and 
British Columbia fisheries managers were concerned that reintroduced Sockeye Salmon fry might 
reduce the abundance of zooplankton prey and negatively affect the abundance and size of 
kokanee available for the recreational fishery. We looked for possible adverse effects by 
introducing contrasting densities (0–2,309 fish/ha) of marked, hatchery-origin Sockeye Salmon 

https://doi.org/10.7717/peerj.11163
https://doi.org/10.1002/nafm.10635
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fry to Skaha Lake over 12 years (2005–2017). During each year, we monitored state change 
indicators of lake flushing, water temperature, nutrients, phytoplankton, microzooplankton, M. 
diluviana, kokanee, and Sockeye Salmon. Zooplankton consumption by Sockeye Salmon, 
kokanee, and M. diluviana was estimated via bioenergetics models. We found that (1) average 
densities of pelagic fish gradually increased above premanipulation densities and (2) survival 
(egg to winter) of kokanee fry was variable but positively associated with increased abundances 
of Sockeye Salmon fry. Average survival of age-0 to age-3+ kokanee in Skaha Lake exhibited no 
significant trends. We also found that (3) growth rates for age-0 Sockeye Salmon fry and kokanee 
were stable during 2005–2013, despite moderate increases in fish abundance, but declined in 
2017. This decline was associated with record-high biomasses of kokanee and M. diluviana, 
record rates of zooplankton loss from predation and lake flushing, and reduced zooplankton 
production. We found that (4) bioenergetics data showed that, on average, 1.8% of annual 
zooplankton prey consumption was attributable to hatchery-origin Sockeye Salmon fry, 2.8% to 
Lake Whitefish Coregonus clupeaformis, 13.9% to older kokanee, and 79.6% of the zooplankton 
was consumed by M. diluviana. We concluded that during 2005–2015 consumption by 
planktivores never exceeded production by zooplankton, but in 2017, when lake flushing rates 
were exceptionally high, consumption by planktivores exceeded lake-carrying capacity for 
pelagic fish. Sockeye Salmon fry played virtually no part in these events. 
 

Long, A., and Jones, S.R.M. 2021.  Piscirickettsia salmonis shedding and tissue burden, and 
hematological responses during cohabitation infections in chum Oncorhynchus keta, pink O. 
gorbuscha and Atlantic salmon Salmo salar. PlosOne 0248098. 
https://doi.org/10.1371/journal.pone.0248098  

Salmonid rickettsial septicemia is an emergent and geographically widespread disease of marine-
farmed salmonids caused by infection with the water-borne bacterium Piscirickettsia salmonis. 
Very little is known about the route, timing, or magnitude of bacterial shedding from infected 
fish. 
 
A cohabitation challenge model was used to assess shedding from chum Oncorhynchus keta, pink 
O. gorbuscha and Atlantic salmon Salmo salar. Infections in donor fish were established by 
intraperitoneal injection of P. salmonis. Naïve recipients were cohabitated with donor fish after 
which cumulative percent morbidity and mortality (CMM) was monitored, and bacterial burdens 
in kidney and in tank water were measured by qPCR. All donor fish died with mean days-to-
death (MDD) among species ranging from 17.5 to 23.9. Among recipients, CMM ranged from 
42.7% to 77.8% and MDD ranged from 49.7 to 56.4. In each trial, two peaks of bacterial DNA 
concentrations in tank water closely aligned with the MDD values of donor and recipient fish. 
Bacterial tissue burden and shedding rate, and plasma physiological parameters were obtained 
from individual donors and recipients. Statistically significant positive correlations between the 
shedding rate and P. salmonis kidney burden were measured in donor pink and in donor and 
recipient chum salmon, but not in donor or recipient Atlantic salmon. In Atlantic salmon, there 
was a negative correlation between kidney bacterial burden and hematocrit, plasma Ca++ and 
Mg++ values, whereas in infected chum salmon the correlation was positive for Na+ and Cl- and 
negative for glucose. 
 
A dependency of bacterial shedding on species-specific patterns of pathogenesis was suggested. 
The coincidence of bacterial shedding with mortality will inform pathogen transmission models. 

 
McKenzie, J.L., Araújo, H.A., Smith, J.L., Schluter, D., and Devlin, R.H. 2021. Incomplete 
reproductive isolation and strong transcriptomic response to hybridization between sympatric 
sister species of salmon. Proc. Roy. Soc. B: Biol. Sci. 288(1950)  
https://doi.org/10.1098/rspb.2020.3020  

https://doi.org/10.1371/journal.pone.0248098
https://doi.org/10.1098/rspb.2020.3020
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Global change is altering ecosystems at an unprecedented rate. The resulting shifts in species 
ranges and reproductive timing are opening the potential for hybridization between closely related 
species which could dramatically alter the genetic diversity, adaptive capacity and evolutionary 
trajectory of interbreeding taxa. Here, we used behavioural breeding experiments, in vitro 
fertilization experiments, and whole-transcriptome gene expression data to assess the potential for 
and consequences of hybridization between Chinook and Coho salmon. We show that 
behavioural and gametic prezygotic barriers between socio-economically valuable Chinook and 
Coho salmon are incomplete. Postzygotically, we demonstrate a clear transcriptomic response to 
hybridization among F1 Chinook-Coho offspring. Genes transgressively expressed within hybrids 
were significantly enriched with genes encoded in the nucleus but localized to the mitochondrion, 
suggesting a potential role for mito-nuclear incompatibilities as a postzygotic mechanism of 
hybrid breakdown. Chinook and Coho salmon are expected to continue to respond to climate 
change with shifts in migration timing and habitat use, potentiating hybridization between these 
species. The downstream consequences of hybridization on the future of these threatened salmon, 
and the ecosystems they inhabit, is unknown. 

 
McKinnell, S., and Irvine, J.R. 2021. Phenology and Fraser River sockeye salmon marine survival.  
Prog. Oceanogr. 197: 102632.  https://doi.org/10.1016/j.pocean.2021.102632  

Inspired by the pioneering work of Dr. Bill Peterson who demonstrated the utility of ocean 
indicators at predicting survival of coho and chinook salmon in the Columbia River, we 
investigated whether the phenology of primary productivity could explain variable marine 
survival of Fraser River sockeye salmon. Building on a study that had found a strong correlation 
between satellite-derived spring chlorophyll concentrations in Queen Charlotte Sound (British 
Columbia) and smolt survival, we hypothesized that smolt migration phenology could help to 
explain interannual survival differences among years. Applying a new migration model to 18 
years of smolt migration data from Chilko Lake demonstrated that interannual differences in 
smolt migration timing were organized in up to 3 pulses of abundance with a general trend by the 
largest peak toward earlier peak migration dates over the time series (1998–2016). Analysis of 
satellite-derived fluorescence line height data within Queen Charlotte Sound identified 4 
productivity domains through which most young sockeye salmon would migrate. Each domain 
had distinct seasonal productivity patterns. With these data, we were unable to demonstrate 
significant correlations between spring bloom dates in these domains and smolt marine survival, 
or between smolt migration timing and marine survival. Having separate survival estimates for 
each pulse and phenological indicators of the sockeye salmon prey base might improve our ability 
to test the hypothesis that phenology matters to sockeye salmon in the Queen Charlotte Sound 
region. 

 
Perry, R.I., Young, K., Galbraith, M., Chandler, P., Velez-Espino, A., and Baillie, S. 2021. 
Zooplankton variability in the Strait of Georgia, Canada, and relationships with the marine 
survivals of Chinook and Coho salmon. PLoS One 16: e0245941. 
http://doi.org/10.1371/journal.pone.0245941  

The Strait of Georgia, Canada, has complex interactions among natural and human pressures that 
confound understanding of changes in this system. We report on the interannual variability in 
biomass of 12 zooplankton taxonomic groups in the deep (bottom depths greater than 50 m) 
central and northern Strait of Georgia from 1996 to 2018, and their relationships with 10 physical 
variables. Total zooplankton biomass was dominated (76%) by large-sized crustaceans 
(euphausiids, large and medium size calanoid copepods, amphipods). The annual anomaly of total 
zooplankton biomass was highest in the late 1990s, lowest in the mid-2000s, and generally above 
its climatological (1996–2010) average after 2011, although many individual groups had different 
patterns. Two latent trends (derived from dynamic factor analyses) described the variability of 
annual biomass anomalies underlying all zooplankton groups: a U-shaped trend with its minimum 

https://doi.org/10.1016/j.pocean.2021.102632
http://doi.org/10.1371/journal.pone.0245941
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in the mid-2000s, and a declining trend from 2001 to 2011. Two latent trends also described the 
physical variables. The variability represented by these four latent trends clustered into two 
periods: 1996–2006, with generally declining zooplankton biomass and increasing salinities, and 
2007–2018, with increasing zooplankton biomass and decreasing salinities. ARIMA modelling 
showed sea surface salinity at Entrance Island in the middle Strait of Georgia, the Pacific Decadal 
Oscillation, and the peak date of the spring phytoplankton bloom were significantly related to the 
two latent zooplankton trends. ARIMA models comparing zooplankton and physical variables 
with the marine survivals of four salmon populations which enter the Strait as juveniles (Chinook: 
Cowichan River, Puntledge River, Harrison River; Coho: Big Qualicum River) all included 
zooplankton groups consistent with known salmon prey; prominent among the physical variables 
were sea surface salinity and variables representing the flow from the Fraser River. These 
regressions explained (adjR2) 38 to 85% of the annual variability in marine survival rates of these 
salmon populations over the study time period. Although sea temperature was important in some 
relationships between zooplankton biomass and salmon marine survival, salinity was a more 
frequent and more important variable, consistent with its influence on the hydrodynamics of the 
Strait of Georgia system. 
 

Venney, C.J., Sutherland, B.J.G., Beacham, T.D., and Heath, D.D. 2021. Population differences in 
Chinook salmon (Oncorhynchus tshawytscha) DNA methylation: Genetic drift and environmental 
factors. Ecol. Evol. 11: 6848-6861.  https://doi.org/10.1002/ece3.7531 

Local adaptation and phenotypic differences among populations have been reported in many 
species, though most studies focus on either neutral or adaptive genetic differentiation. With the 
discovery of DNA methylation, questions have arisen about its contribution to individual 
variation in and among natural populations. Previous studies have identified differences in 
methylation among populations of organisms, although most to date have been in plants and 
model animal species. Here we obtained eyed eggs from eight populations of Chinook salmon 
(Oncorhynchus tshawytscha) and assayed DNA methylation at 23 genes involved in 
development, immune function, stress response, and metabolism using a gene-targeted PCR-
based assay for next-generation sequencing. Evidence for population differences in methylation 
was found at eight out of 23 gene loci after controlling for developmental timing in each 
individual. However, we found no correlation between freshwater environmental parameters and 
methylation variation among populations at those eight genes. A weak correlation was identified 
between pairwise DNA methylation dissimilarity among populations and pairwise FST based on 
15 microsatellite loci, indicating weak effects of genetic drift or geographic distance on 
methylation. The weak correlation was primarily driven by two genes, GTIIBS and Nkef. 
However, single-gene Mantel tests comparing methylation and pairwise FST were not significant 
after Bonferroni correction. Thus, population differences in DNA methylation are more likely 
related to unmeasured oceanic environmental conditions, local adaptation, and/or genetic drift. 
DNA methylation is an additional mechanism that contributes to among population variation, 
with potential influences on organism phenotype, adaptive potential, and population resilience. 
 

Theme 2: Pacific Salmon and Steelhead Trout in a Changing North Pacific Ocean 
 
Araujo, H.A., Duguid, W.D.P., Withler, R., Supernault, J., Schulze, A.D., Mckenzie, J.L., Pellett, 
K., Beacham, T.D., Jonsen, K., and Gummer, A. 2021. Chinook and Coho salmon hybrids linked to 
habitat and climatic changes on Vancouver Island, British Columbia.  Ecol. Evol. 11: 16874-16889.                
https://doi.org/10.1002/ece3.8322  

Between 2013 and 2019, 63 presumed Chinook salmon Oncorhynchus tshawytscha sampled 
primarily in the Strait of Georgia (0.63% of total sample) were identified as potential Chinook–
Coho (Oncorhynchus kisutch) hybrids by the presence of anomalous microsatellite genotypes. 
Their hybrid origin was confirmed by single nucleotide polymorphism amplification of two 

https://doi.org/10.1002/ece3.7531
https://doi.org/10.1002/ece3.8322
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species-specific amplicons. Mitochondrial DNA indicated that most of these fish resulted from 
the hybridization of Coho salmon females and Chinook salmon males. Although no diagnostic 
external features were identified, several individuals displayed an abnormal scale arrangement on 
the caudal peduncle. One hybrid juvenile examined for meristics exhibited a pyloric caeca count 
intermediate between published values for Chinook and Coho salmon. Most hybrids originated in 
the Cowichan River during the 2014 brood year. Their prevalence in the watershed is a naturally 
occurring event, likely exacerbated by prolonged low water levels which limit habitat and delay 
Chinook salmon spawning, in addition to the differential abundance of the parental species. This 
research is the first to document ongoing natural hybridization (Chinook–Coho salmon crosses) 
and link it to habitat and climatic changes, and includes the identification of eight F1 adults and 
two juvenile backcross or F2 hybrids. The potential negative impacts of hybridization, 
particularly in Coho salmon through potential introgression, warrant hybrid identification as an 
ecosystem monitoring tool within a survey program. 

 
Beamish, R., and C. Neville. 2021. The natural regulation and relevance of wild and hatchery Coho 
Salmon production in the Strait of Georgia. Fisheries 46(11): 539-551. 
https://doi.org/10.1002/fsh.10651  

The commercial and recreational fishery for Coho Salmon in the Strait of Georgia in the 1970s 
and 1980s that annually averaged 733,800 individuals declined in the 1990s and was closed in 
1998. We observed that it is the ocean carrying capacity that is regulating production and not the 
number of juvenile Coho Salmon entering the Strait of Georgia. We show that an approximate 
50% reduction in releases of Coho Salmon from Canadian hatcheries did not change the average 
abundance of hatchery fish surviving through to September of their first ocean year. Our 
explanation that above a threshold number of smolts, ocean carrying capacity regulates 
production rather than escapements is relevant to rebuilding efforts and to the use of hatcheries. 
The results add to the accumulating evidence that the production of Pacific salmon is closely 
related to the capacity for growth in the first months in coastal ecosystems. 

 
Beamish, R., and C. Neville 2021. Evidence of population dependence of Pacific Salmon from young 
growth in the first months of life in the ocean. Problems of Fisheries 22(4): 5-15. (in Russian) 

English Abstract: One of the principles of ecology is that the abundance of plants and animals 
that produce leading a large number of seeds and young, is regulated by the available habitat 
taniya, not the number of offspring. Pacific salmon produce large quantities offspring, which 
means that if enough juveniles enter the ocean it is the receiving capacity of the ocean that 
regulates the formation of the abundance of these fish. Recent studies confirm that growth in the 
early marine period is associated with the general reproduction of Pacific salmon, with 
individuals that grow faster and survive better.  We assume that recent upward or downward 
trends decrease in the number of Pacific salmon were caused by high or low numbers availability 
of food available in coastal areas during the first few months after the release of juveniles into the 
ocean. The fish that survived the first oceanic winter will be first of all, by individuals that have 
exceeded the energy threshold of growth in the critical time in the early maritime period. 

 
Grant, S.C.H., Nener, J. MacDonald, B.L., Boldt, J.L., King, J., Patterson, D.A., Robinson, K.A., 
and Wheeler, S.  2021. Canadian Fraser River Sockeye Salmon: A Case Study  (a section in the 
FAO report). Pages 259-284  In: Bahri, T., Vasconcellos, M., Welch, D.J., Johnson, J., Perry, R.I., 
Ma, X. & Sharma, R., eds. Adaptive management of fisheries in response to climate change. FAO 
Fisheries and Aquaculture Technical Paper No. 667. Rome, FAO. https://doi.org/10.4060/cb3095en  

The Fraser River in Western Canada historically supported among the largest numbers of sockeye 
salmon (Oncorhynchus nerka) in the world. These salmon sustained aboriginal communities for 
thousands of years, and were an important contributor to Canada’s west coast economy through 
its commercial and recreational fisheries in the last century. 

https://doi.org/10.1002/fsh.10651
https://doi.org/10.4060/cb3095en
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In recent decades, however, survival and numbers of this iconic group have been exhibiting 
concerning declines, and fisheries have been restricted. Out of the 24 fundamental units of 
biodiversity identified for these salmon, termed conservation units (CUs), close to half have been 
designated Endangered or Threatened by the Committee on the Status of Endangered Wildlife in 
Canada (COSEWIC), facing imminent risk of extinction or likely to become Endangered if trends 
continue. 

Fraser sockeye typically return to their natal freshwater rivers and lakes to spawn as four-year-old 
fish, after spending their first two winters in freshwater, and their last two winters in the ocean. 
The poor status of many of these CUs is linked to large climate- and habitat-related changes in 
both ecosystems. 

Fraser River temperatures increasingly exceed the upper thermal limits of salmon in summer 
months, and the frequency of droughts and extreme rain events has increased. These climate 
effects have been exacerbated by large amounts of deforestation occurring in the Fraser River 
watershed. 

In the Northeast Pacific Ocean, unprecedented marine heatwaves occurred intermittently from 
late 2013 to 2020. The base of the salmon marine food web shifted during this period to higher 
proportions of smaller southern zooplankton species, considered poorer quality food for salmon. 

Many new approaches have been applied to model Fraser sockeye population dynamics to 
account for their rapidly declining productivities, and these are used in fisheries management 
processes. Uncertainty is communicated in model results by applying different model forms, and 
using Bayesian statistics to present information probabilistically. These fisheries are also 
intensely monitored and managed in-season to adjust pre-season predictions, with in-season 
observations of fish and environmental conditions. 

However, in-season management is increasingly uncertain with changing conditions and low 
numbers of many CUs in mixed stock fisheries. Future salmon fisheries will look quite different 
from the past due to climate change and habitat deterioration. As fisheries shift, greater 
adaptability will be required in the allocation of science and management resources, guided by 
our current understanding of salmon trends and habitat requirements. More precautionary 
approaches to management are recommended in light of these changes. 

Freshwater habitat actions may also provide some support to salmon stocks under climate change. 
This includes actions such as restoring and increasing riparian and watershed vegetation, creating 
cool water reservoirs, deep pools and off-channel habitats. Hatcheries may also play a role in 
conservation and production as the climate changes. 

 
Huang, A.-M., Pestal, G., Guthrie, I. 2021. Potential Assessment for Fraser River Sockeye Salmon 
(Oncorhynchus nerka) – Nine Designatable Units: Probability of Achieving Recovery Targets - 
Elements 12, 13, 15, 19-22. Canadian Science Advisory Secretariat Research Document. 2021/043. 
https://publications.gc.ca/collections/collection_2021/mpo-dfo/fs70-5/Fs70-5-2021-043-eng.pdf 

This document covers the quantitative analysis of recovery targets, probability of achieving 
recovery targets, and mitigation effects elements for a recovery potential assessment (RPA) and 
summarizes how these elements could contribute to the allowable harm statement for nine 
Endangered and Threatened Fraser Sockeye designatable units (DUs) (i.e., Bowron, Cultus, Early 
Stuart, Weaver, Portage, Quesnel, Late Stuart, Taseko, Widgeon, and Upper Barriere) plus three 
Special Concern DUs that have a time series of stock-recruit estimates (i.e., Raft, Birkenhead, and 
Stellako). The RPA of the Endangered Cultus DU is covered in a separate document (DFO 2020). 
The allowable harm assessment in this document does not include the elements covering habitat, 
threats, and limiting factors and should not be interpreted as being the final allowable harm 
statement for these DUs. 

https://publications.gc.ca/collections/collection_2021/mpo-dfo/fs70-5/Fs70-5-2021-043-eng.pdf
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Two nested recovery targets are proposed for the DUs, with Recovery Target #1 approximating 
the objective that a DU would not be characterized as Endangered or Threatened by COSEWIC 
or as the Red biological status of the Wild Salmon Policy (WSP) and Recovery Target #2 
approximating the objective of COSEWIC for Not At Risk or WSP Green. Stock-specific stock-
recruit models that account for recent productivity were used in a simulation model to evaluate 
the likelihood of DUs reaching the two Recovery Targets over the next three generations (12 
years) over a wide range of mortality rates. A method for evaluating impacts of the Big Bar 
landslide on the six impacted DUs was explored, and the impacts from a range of future changes 
in productivity were modelled for all DUs.  

 
Quinn,T.P., Pess, G.R., Sutherland, B.J.G., Brenkman, S.J., Withler, R.E., Flynn, K., and Beacham, 
T.D. 2021. Resumption of Anadromy or Straying? Origins of Sockeye Salmon in the Elwha River. 
Trans. Am. Fish. Soc. 150: 452-464. https://doi.org/10.1002/tafs.10294  

When barriers to migration are removed, anadromous fishes from other rivers may colonize 
newly accessible habitat or landlocked forms of the species may resume anadromy if conditions 
allow. For example, two large hydroelectric dams on the Elwha River, Washington, were 
removed between 2011 and 2014 to restore populations of Pacific salmon Oncorhynchus spp. 
after a century of isolation. Immediately prior to and following dam removal (2010–2017), 
upstream-migrating adult Sockeye Salmon Oncorhynchus nerka were sampled, and DNA was 
extracted and compared with samples from the local Lake Sutherland population (above the lower 
dam’s former location) and a coastwide genetic baseline to determine the probable origin of each 
fish. Genetic analysis indicated that none of the 45 Sockeye Salmon sampled had originated from 
the local population or other populations nearby in the genetic baseline, and only a single fish 
originated from the abundant and proximate Fraser River populations. The strays reflected two 
different sources and processes: 22 were from the west coast of Vancouver Island (all in 2015, 
when these populations were very abundant and encountered conditions unfavorable for upstream 
migration in their natal system) and another 22 assigned to more northerly populations, mostly to 
riverine populations from the Stikine River. Test fishery samples collected in the Strait of Juan de 
Fuca contained very few fish with assignments similar to these northern rivers. It is not clear 
whether these individuals originated from the distant riverine populations or from a closer 
population not in the baseline that resembles them genetically. Taken together, the findings 
indicate that the genetic composition of any future population in the Elwha River may reflect 
signatures from diverse sources and subsequent selection in the new habitat. 
 

Rosengard, S.Z., Freshwater, C., McKinnell, S., Xu, Y., and Tortell, P.D. 2021. Covariability of 
Fraser River sockeye salmon productivity and phytoplankton biomass in the Gulf of Alaska. Fish. 
Oceanogr. 30: 666-678. https://doi.org/10.1111/fog.12544  

Using satellite ocean color measurements and sockeye salmon stock–recruit data from 1995 to 
2016, our analysis reveals a significant, positive relationship between Fraser River sockeye 
productivity and summer chlorophyll a concentrations (Chl-a) in the northwestern Gulf of Alaska. 
The correlation is the strongest for the area adjacent to the continental shelf near Kodiak Island 
(northern Gulf of Alaska), during midsummer of the juvenile sockeye salmon ocean entry year. 
The inclusion of (Chl-a) data from this region significantly improved the performance of Ricker 
stock–recruitment models for ten out of eighteen Fraser River stocks. We discuss the potential 
oceanographic processes driving the correlation between (Chl-a) and sockeye productivity. 
During midsummer, positive sea-level anomalies in the offshore waters near Kodiak Island 
suggest the presence of mesoscale eddies, which can transport nutrients to this region and 
concentrate phytoplankton and zooplankton biomass, thus supporting enhanced sockeye salmon 
prey abundance. These results suggest a mechanism linking mesoscale oceanographic dynamics 
to sockeye salmon productivity, and identify a potentially important region for future studies of 
Fraser River sockeye salmon survival. 

https://doi.org/10.1002/tafs.10294
https://doi.org/10.1111/fog.12544
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Theme 3: New Technologies 
 
Beacham, T.D. 2021. Parentage-based tagging combined with genetic stock identification is a cost-
effective and viable replacement for coded-wire tagging in large-scale assessments of Canadian 
salmon fisheries. Fish. Res. 239: 105920. https://doi.org/10.1016/j.fishres.2021.105920  

I present responses to arguments offered by coded-wire tag (CWT) proponents supposedly 
limiting the effectiveness of a genetic stock identification (GSI) and parentage-based tagging 
(PBT) fisheries assessment method. I demonstrate that a GSI-PBT-based assessment method is 
cheaper, more powerful, and more informative than traditional CWTs. Implementation of a GSI-
PBT for Canadian fisheries assessment can provide information at least equivalent to that derived 
from the current CWT assessment program. Adoption of a GSI-PBT assessment program will 
facilitate mass-marking of Chinook salmon (Oncorhynchus tshawytscha) in British Columbia, has 
allowed for genetic tagging during the COVID pandemic while few Chinook salmon juveniles 
were marked with CWTs, has allowed for tagging of approximately six times more juveniles than 
traditionally tagged with CWTs, and at an estimated cost of 23 % of that associated with tagging 
with CWTs. GSI and PBT provide an alternate, cheaper, and more effective method in the 
assessment and management of Canadian-origin salmon relative to CWTs, and an opportunity for 
a genetic-based system to replace the current CWT system for salmon assessment. The time has 
arrived for agencies managing Pacific salmon fisheries to prepare for a transition from CWTs to a 
genetics-based fisheries assessment program. 

 
Beacham, T.D., Jonsen, K., Sutherland, B.J.G., Lynch, C., and Rondeau, E.B. 2022. Assessment of 
mixed-stock fisheries and hatchery broodstocks for coho salmon in British Columbia, Canada via 
parentage-based tagging and genetic stock identification. Fish. Res. 245: 106136. 
https://doi.org/10.1016/j.fishres.2021.106136  

Genetic stock identification (GSI) and parentage-based tagging (PBT) are being increasingly 
applied to salmon fisheries and hatchery broodstock management and assessment in Canada. GSI 
and PBT were applied to assessment of 2019 coho salmon fisheries and hatchery broodstocks in 
British Columbia (BC), Canada, with 8208 individuals successfully genotyped in fishery samples 
and 2237 PBT identifications made (27.3% individual identification rate). The observed number 
of fishery PBT identifications per population corresponded closely with the expected number 
based upon genetic tagging rate in the populations. Coded-wire tags (CWTs) did not provide an 
accurate representation of the catch in the northern British Columbia troll fishery or the northwest 
Vancouver Island inshore recreational fishery, owing to the fact that major components of this 
fishery were not marked with CWTs. A single population chosen as an indicator in a 
Conservation Unit (CU) did not display a distribution of captures among fishery areas that was 
representative of other populations in the CU. There were 6544 individuals genotyped in 25 
hatchery broodstocks from which 4019 PBT identifications were made. Population-specific 
contributions to mixed-stock fisheries and exploitation rates were estimated with CWTs and GSI-
PBT technologies for eight hatchery populations. There was generally reasonably close 
agreement of estimated population-specific exploitation rates between CWT and genetic methods 
for hatchery populations. We conclude that a genetic approach can improve upon the results 
available from the current CWT program for assessment and management of coho salmon 
fisheries and hatchery broodstocks in BC, and provide information critical to aid in 
implementation of Canada’s Policy for Conservation of Wild Pacific Salmon. 
 

Beacham, T.D., Wallace, C.G., Jonsen, K., McIntosh, B., Candy, J.R., Horst, K., Lynch, C., Willis, 
D., Luedke, W., Kearey, L., and Rondeau, E.B. 2021.  Parentage-based tagging combined with 
genetic stock identification is a cost-effective and viable replacement for coded-wire tagging in 

https://doi.org/10.1016/j.fishres.2021.105920
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large-scale assessments of marine Chinook salmon fisheries in British Columbia, Canada, Evol. 
Appl. 14: 1365-1389. https://doi.org/10.1111/eva.13203  

Wild Pacific salmon, including Chinook salmon Oncorhynchus tshawytscha, have been 
supplemented with hatchery propagation for over 50 years in support of increased ocean harvest, 
mitigation for hydroelectric development, and conservation of threatened populations. In Canada, 
the Wild Salmon Policy for Pacific salmon was established with the goal of maintaining and 
restoring healthy and diverse Pacific salmon populations, making conservation of wild salmon 
and their habitats the highest priority for resource management decision-making. For policy 
implementation, a new approach to the assessment and management of Chinook salmon and the 
associated hatchery production and fisheries management are needed. Implementation of genetic 
stock identification (GSI) and parentage-based tagging (PBT) for marine fisheries assessment 
may overcome problems associated with coded-wire tag-based (CWT) assessment and 
management of Chinook salmon fisheries, providing at a minimum information equivalent to that 
derived from the CWT program. GSI and PBT were used to identify Chinook salmon sampled in 
2018 and 2019 marine fisheries (18,819 individuals genotyped) in British Columbia to specific 
conservation units (CU), populations, and broodyears. Individuals were genotyped at 391 single 
nucleotide polymorphisms via direct sequencing of amplicons. Very high accuracy of assignment 
to population and age (>99.5%) via PBT was observed for 1994 Chinook salmon of ages 2–4 
years, with a 105,722–individual, 380–population baseline available for assignment. Application 
of a GSI-PBT system of identification to individuals in 2019 fisheries provided high-resolution 
estimates of stock composition, catch, and exploitation rate by CU or population, with fishery 
exploitation rates directly comparable to those provided by CWTs for 13 populations. GSI and 
PBT provide an alternate, cheaper, and more effective method in the assessment and management 
of Canadian-origin Chinook salmon relative to CWTs, and an opportunity for a genetics-based 
system to replace the current CWT system for salmon assessment. 

 
Christensen, K.A., Rondeau, E.B., Sakhrani, D., Biagi, C.A., Johnson, H., Joshi, J., Flores, A.-M.,  
Leelakumari, S., Moore, R., Pandoh, P.K., Withler, R.E., Beacham, T.D., Leggatt, R.A., Tarpey, 
C.M., Seeb, L.W., Seeb, J.E., Jones, S.J.M., Devlin, R.H., and Koop, B.F. 2021. The pink salmon 
genome: Uncovering the genomic consequences of a two-year life cycle. PLoS ONE 16(12): 
e0255752. https://doi.org/10.1371/journal.pone.0255752  

Pink salmon (Oncorhynchus gorbuscha) adults are the smallest of the five Pacific salmon native 
to the western Pacific Ocean. Pink salmon are also the most abundant of these species and 
account for a large proportion of the commercial value of the salmon fishery worldwide. A two-
year life history of pink salmon generates temporally isolated populations that spawn either in 
even-years or odd-years. To uncover the influence of this genetic isolation, reference genome 
assemblies were generated for each year-class and whole genome re-sequencing data was 
collected from salmon of both year-classes. The salmon were sampled from six Canadian rivers 
and one Japanese river. At multiple centromeres we identified peaks of Fst between year-classes 
that were millions of base-pairs long. The largest Fst peak was also associated with a million 
base-pair chromosomal polymorphism found in the odd-year genome near a centromere. These 
Fst peaks may be the result of a centromere drive or a combination of reduced recombination and 
genetic drift, and they could influence speciation. Other regions of the genome influenced by odd-
year and even-year temporal isolation and tentatively under selection were mostly associated with 
genes related to immune function, organ development/maintenance, and behaviour. 

 
 
McClelland, E.K., Watson, B., Sundström, L.F., Leggatt, R.A., Sakhrani, D., and Devlin, R.H. 2021. 
Assessing wild genetic background and parental effects on size of growth hormone transgenic coho 
salmon. Can. J. Fish. Aquat. Sci.   https://doi.org/10.1139/cjfas-2021-0153  

https://doi.org/10.1111/eva.13203
https://doi.org/10.1371/journal.pone.0255752
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Experiments examining potential impacts of growth hormone (GH) transgenesis in fish typically 
use a single source strain and do not address potential differential impacts in strains of different 
genetic backgrounds. Here, we examine the effects of differing genetic backgrounds when reared 
in culture on the growth of transgenic and nontransgenic coho salmon (Oncorhynchus kisutch) 
produced by mating sires from different rivers with transgenic dams from a single origin. We 
found a significant difference in size between offspring of sires originating from various river 
systems in British Columbia. This difference was independent of differences between 
transgenotypes (i.e., transgenic vs. nontransgenic offspring). However, the effects of strain or sire 
were relatively small compared to the effects of the transgene, which were consistent regardless 
of sire origin. Thus, results derived from studies of GH transgenic fish from a single source 
population can provide useful information for assessments of GH transgenic salmon from other 
systems. This has important implications for examining potential risks from introgression of a 
transgene into different populations. 

 
Monteiro, C.S., Deconinck, D., Eljasik, P., Sobczak, M., Derycke, S., Panicz, R., Kane, N., 
Mazloomrezaei, M., Devlin, R.H., and Faria, M.A. 2021. A fast HRMA tool to authenticate eight 
salmonid species in commercial food products. Food Chem. Toxicol. 156:  112440. 
https://doi.org/10.1016/j.fct.2021.112440  

Atlantic and Pacific salmon are frequently consumed species with very different economic 
values: farmed Atlantic salmon is cheaper than wild-caught Pacific salmons. Species 
replacements occur with the high valued Pacific species (Oncorhynchus keta, O. gorbuscha, O. 
kisutch, O. nerka and O. tshawytscha) substituted by cheaper farmed Atlantic salmon (Salmo 
salar) and Atlantic salmon by rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo 
trutta). Here we use High-Resolution Melting Analysis (HRMA) to identify eight salmonid 
species. We designed primers to generate short amplicons of 72 and 116 bp from the fish barcode 
genes CO1 and CYTB. The time of analysis was under 70 min, after DNA extraction. Food 
processing of Atlantic salmon (fresh, “Bellevue”, “gravadlax”, frozen and smoked) did not 
impact the HRMA profiles allowing reliable identification. A blind test was conducted by three 
different institutes, showing correct species identifications irrespective of the laboratory 
conducting the analysis. Finally, a total of 82 retail samples from three European countries were 
analyzed and a low substitution rate of 1.2% was found. The developed tool provides a quick way 
to investigate salmon fraud and contributes to safeguard consumers. 

Murauskas, J., Hyatt, K., Fryer, J., Koontz, E., Folks, S., Bussanich, R., and Shelby, K. 2021. 
Migration and survival of Okanagan River Sockeye Salmon Oncorhynchus nerka, 2012–2019. Anim 
Biotel. 9, 37 (2021). https://doi.org/10.1186/s40317-021-00262-y  

Okanagan River Sockeye Salmon Oncorhynchus nerka (Okanagan Sockeye) are one of two 
remaining self-sustaining Sockeye Salmon populations in the Columbia River Basin. We used 
detection histories of smolts implanted with passive integrated transponder (PIT) tags between 
2012 and 2019 to estimate survival and behavioral metrics during reintroduction efforts and 
changing environmental conditions over the monitoring period. 
 
Smolts migrating to McNary Dam, whose route includes 130 km of the Okanagan River and 388 
km of the Columbia River, generally had high survival (mean of 87.0% per 100 km) and fast 
migration speeds (up to 50 km/day) relative to other salmonids in the region. Smolt-to-adult 
returns (SARs) ranged from 0.4 to 6.1% and were greater for fish originating from Skaha Lake 
compared to cohorts tagged in Osoyoos Lake. Most adults returned after 2 years in the ocean 
(69%), followed by jacks (27%), and adults that spent 3 years at sea (4%), though Skaha Lake 
adults had a significantly younger age structure than cohorts from Osoyoos Lake. Survival of 
adults from Bonneville Dam (rkm 235) upstream to Wells Dam (rkm 830) was generally high 

https://doi.org/10.1016/j.fct.2021.112440
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(80–92%), and migration speed decreased in upstream reaches. Survival from Wells Dam to the 
Okanagan River was only estimable in 2018, where 64% of adults survived to the spawning 
grounds. The upstream migration of adult Okanagan Sockeye was significantly compromised 
during the drought of 2015 when less than 5% of Okanagan Sockeye that returned to the 
Columbia River reached spawning grounds. 
 
Our results indicate that Okanagan Sockeye have exceptional survival and migratory ability 
relative to other salmonids, though poor ocean conditions combined with warming water 
temperatures in freshwater habitats in recent years have the potential to devastate the population. 
The success of reintroduction efforts to increase spatial structure and diversity of Okanagan 
Sockeye is, therefore, critical to maintaining the population in years to come. 

 
Theme 4: Management Systems 

Adams, M.S., Connors, B., Levi, T., Shaw, D., Walkus, J., Rogers, S., and Darimont, C. 2021. Local 
Values and Data Empower Culturally Guided Ecosystem-Based Fisheries Management of the 
Wuikinuxv Bear–Salmon–Human System. Mar. Coast. Fish. 13: 362-378.  
https://doi.org/10.1002/mcf2.10171  

Despite numerous examples of ecosystem-based fisheries management (EBFM) addressing 
tradeoffs between ecological and commercial fishery interests, local social and cultural concerns 
are less frequently considered. We illustrate how Indigenous fishery harvest goals and data from 
locally driven wildlife research can inform EBFM, guided by cultural values of respect for and 
reciprocity with wildlife. Grizzly bears Ursus arctos horribilis hold particular importance for the 
Wuikinuxv First Nation in Rivers Inlet, British Columbia, where people and bears have coexisted 
as consumers of Sockeye Salmon Oncorhynchus nerka for millennia. The region’s valuable 
commercial fishery, active since the late 1800s, has been closed since the Sockeye Salmon 
population collapsed in the mid-1990s, but the Wuikinuxv maintain a modest food, social, and 
ceremonial (FSC) harvest. To address questions about balancing the needs of fishers and 
ecosystem recipients, we quantified tradeoffs between long-term maximum sustainable fishery 
yield and ecosystem benefits (for which bear density served as a proxy). We fitted age-structured 
state-space spawner–recruitment models and estimated relationships among spawner abundance, 
long-term fishery yields, and relative bear densities in time periods before and after the 
population collapse. We found that predicted maximum postcollapse bear density was 74% of 
maximum precollapse densities. We estimated a 94% decline in Sockeye Salmon equilibrium 
population size (from ˜3,115,000 to 200,000), resulting in a commensurate decline in maximum 
sustainable fishery yield. Despite this, we showed that Wuikinuxv FSC harvest goals are 
compatible with an EBFM target that seeks also to sustain relatively high bear densities, whereby 
relative fishery yield and bear density are reduced about 10% from their respective maxima, 
assuming that current Sockeye Salmon productivity and carrying capacity remain similar for the 
foreseeable future, although these estimates are highly uncertain. Collectively, our findings 
illustrate how EBFM can apply interdisciplinary approaches that draw not only on fisheries 
ecology but also local values to design sustainable harvest strategies for diverse beneficiaries. 

 
Fisheries and Oceans Canada (DFO). 2021. Pre-season Run Size Forecasts for Fraser River 
Sockeye (Oncorhynchus nerka) and Pink (Oncorhynchus gorbuscha) Salmon in 2021. DFO Can. Sci. 
Advis. Sec. Sci. Resp. 2021/038.  https://waves-vagues.dfo-mpo.gc.ca/Library/41006057.pdf  

Fraser River Sockeye stocks have been experiencing historically low productivity in recent years, 
making quantitative forecasting challenging. Forecasts for these stocks have been prepared with 
Bayesian models and presented as probability distributions, in order to capture some of this 
uncertainty. These distributions generally represent the range of survival the stocks have 
exhibited historically, although we have used environmental covariates for several stocks, in an 

https://doi.org/10.1002/mcf2.10171
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attempt to capture recent declines in productivity. Environmental drivers are incorporated into 
forecast models for 13 out of 19 major Sockeye stocks. In addition, we have employed the use of 
sibling models for nine stocks; using productivity observed in 2020 returns to inform 2021 
returns of older age-classes from the same cohort. For five major stocks, including Chilko, we 
identified a significant disconnect between the productivity implied by forecasting models, and 
productivity observed in recent generations, which has declined significantly, relative to earlier 
generations. For these stocks we use a naïve model that applies average productivity (recruits-per-
spawner) from the last two generations to brood year spawners. 
 
The Fraser River Sockeye total return is forecast to be 1.33 million fish, at the median level (80% 
prediction interval:313,000 - 5,496,000). The forecast is dominated by Summer Run stocks, 
which are forecast to contribute 1.05 million fish to this forecast. Returns are expected to be 
dominated by age-4 fish, making up 91% of expected returns (Table 3). Across all run-timing 
groups, 78% of the forecast return is made up of stocks that spawn above the Big Bar landslide. 
In addition to the quantitative forecast for 2021, we have compiled supplementary freshwater and 
marine data to provide some qualitative context to the forecast. These indicators provide mixed 
signals, with freshwater conditions appearing marginally better for the primary cohort returning 
in 2021 (except for Quesnel; the stock forecast to contribute the most fish to the 2021 return). 
Marine conditions have remained very warm, which are generally unfavourable for Fraser 
Sockeye prey quality. If Fraser Sockeye productivity stays within the range observed in the 
previous generation (2017-2020 returns), then returns should fall closer to the level seen at the 
0.25 posterior quantile (P25), of 624,000 fish. 
 
Fraser Pink Salmon represented a forecasting challenge in 2021, since the juvenile data from 
2020, which would have generally been used to run the forecast, was not available due to the 
COVID-19 pandemic. Therefore, a new set of models were considered using retrospective 
analysis. The chosen model incorporated the effects of temperature, Fraser discharge during 
outmigration, and sea-surface salinity on productivity. All three environmental covariates are 
consistent with lower-than-average productivity, and our chosen forecast model for 2021 is 
predicting productivity near historically observed lows. The forecast return of Fraser Pink salmon 
in 2021 is 3.01 million (80% prediction interval: 1,701,000 - 5,375,000). This forecast should be 
used with caution, since it is based on an escapement time-series that spans several different 
enumeration methodologies. 
 
This Science Response results from the Regional Science Response Process of December 18, 
2020 and January 22, 2021 on the Pre-season abundance forecast for Fraser River Sockeye and 
Pink Salmon returns in 2021. 

 
Inman, S. C., Esquible, J., Jones, M.L., Bechtol, W.R., and Connors, B. 2021. Opportunities and 
impediments for use of local data in the management of salmon fisheries. Ecology and Society 
26(2):26. https://doi.org/10.5751/ES-12117-260226  

Data availability challenges the management of small-scale fisheries in large river basins. One 
way to circumvent the challenges of data collection is to rely on local stakeholders who are well-
positioned to collect data that can inform management through community-based monitoring 
(CBM). Although science and management has increasingly considered opportunities for 
community involvement in scientific research, the efficacy of these programs are rarely assessed. 
We describe a current CBM initiative in the Kuskokwim River Basin of western Alaska. We then 
explore how existing approaches for incorporating local involvement in fisheries research and 
management measure against claims made by CBM programs to understand pathways for data 
utility for decision makers and approaches to capacity building and meaningful engagement of 
local citizens. We identify major gaps in the CBM literature and explore one of these gaps 
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through an interview-based study of public participation in the Kuskokwim. We find that the 
CBM program intent to collect high quality data was complemented by increasing trust in data 
stewards. Ultimately, through our interview findings we illustrate how definitions of local 
engagement differ, how CBM data is used by decision makers, and how trust in data is dependent 
on trust in data stewards and the infrastructure that supports that stewardship. 

 
Price, M.H.H., Moore, J.W., Connors, B.M., Wilson, K.L., and Reynolds, J.D. 2021. Portfolio 
simplification arising from a century of change in salmon population diversity and artificial 
production. J. Appl. Ecol. 58: 1477–1486. https://doi.org/10.1111/1365-2664.13835  

1. Population and life-history diversity can buffer species from environmental variability and 
contribute to long-term stability through differing responses to varying conditions akin to the 
stabilizing effect of asset diversity on financial portfolios. While it is well known that many 
salmon populations have declined in abundance over the last century, we understand less about 
how different dimensions of diversity may have shifted. Specifically, how has diminished wild 
abundance and increased artificial production (i.e. enhancement) changed portfolios of salmon 
populations, and how might such change influence fisheries and ecosystems? 

2. We apply modern genetic tools to century-old sockeye salmon Oncorhynchus nerka scales from 
Canada's Skeena River watershed to (a) reconstruct historical abundance and age-trait data for 
1913–1947 to compare with recent information, (b) quantify changes in population and life-
history diversity and the role of enhancement in population dynamics, and (c) quantify the risk to 
fisheries and local ecosystems resulting from observed changes in diversity and enhancement. 

3. The total number of wild sockeye returning to the Skeena River during the modern era is 69% 
lower than during the historical era; all wild populations have declined, several by more than 
90%. However, enhancement of a single population has offset declines in wild populations such 
that aggregate abundances now are similar to historical levels. 

4. Population diversity has declined by 70%, and life-history diversity has shifted: populations are 
migrating from freshwater at an earlier age, and spending more time in the ocean. There also has 
been a contraction in abundance throughout the watershed, which likely has decreased the spatial 
extent of salmon provisions to Indigenous fisheries and local ecosystems. Despite the erosion of 
portfolio strength that this salmon complex hosted a century ago, total returns now are no more 
variable than they were historically perhaps in part due to the stabilizing effect of artificial 
production. 

5. Policy implications. Our study provides a rare example of the extent of erosion of within-species 
biodiversity over the last century of human influence. Rebuilding a diversity of abundant wild 
populations—that is, maintaining functioning portfolios—may help ensure that watershed 
complexes like the Skeena are robust to global change. 
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