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Submitted via Electronic Filing to the Federal Registrar

Re:  Comments re: 90-Day Finding on a Petition to List Gulf of Alaska Chinook Salmon
as Threatened or Endangered Under the Endangered Species Act (NOAA-NMFS-2024-
0042-0001)

Dear NMFS Office of Protected Resources,

Wild Fish Conservancy (WFC) submits these comments on National Marine Fisheries Service’s
(NMFS) 90-Day Finding on a Petition to list Gulf of Alaska (GOA) Chinook salmon as
threatened or endangered under the Endangered Species Act (ESA). WFC is a nonprofit
conservation organization headquartered in Washington State and working from California to
Alaska to preserve, protect and restore the northwest’s wild fish and the ecosystems they depend
on, through science, education, and advocacy.

I. INTRODUCTION

On May 24, 2024, NMFS announced a 90-day finding on a petition from WFC to list
GOA Chinook salmon (Oncorhynchus tshawytscha) as threatened or endangered under the ESA.
The petition also requested that NMFS designate critical habitat concurrently with the listing.
NMES is soliciting scientific and commercial data, including traditional ecological knowledge
pertaining to Chinook salmon that spawn in the rivers of Southern Alaska

WEFC is highly qualified to comment on the 90-day finding announced by NMFS
regarding the petition to list the GOA Chinook salmon under the ESA and possesses the expertise
to assess the legal requirements for the listing, ensuring that it aligns with national laws. WFC’s
focus on the region’s wild fish provides them with the scientific and practical insight necessary
to contribute valuable data and perspectives on the ecological needs of the Chinook salmon and
the potential impacts of their listing and habitat designation under the ESA.

II. DISCUSSION

Facing the critical situation of GOA Chinook salmon, and with the troubling bycatch by
trawl fisheries, WFC urges NMFS to take urgent, decisive action to list Chinook salmon under
the ESA.


https://www.federalregister.gov/documents/2024/06/28/2024-14169/endangered-and-threatened-wildlife-90-day-finding-on-a-petition-to-list-gulf-of-alaska-chinook

A. The ESA mandates a strict, time-bound process for listing endangered species, and
adherence to timelines is crucial for conservation of GOA Chinook salmon.

The ESA serves as a cornerstone of environmental legislation in the United States, aimed
at conserving endangered and threatened species and the ecosystems upon which they depend.!
To ensure the timely protection of species, Congress mandated a detailed and time-bound
process for listing species under the ESA. Congress described this listing process as “[t]he
cornerstone of effective implementation of the Endangered Species Act.”?

The listing process begins with NMFS making a preliminary 90-day finding to determine
if a petition presents substantial scientific or commercial information indicating that the action
may be warranted.®> Upon determining that the petition contains substantial information, NMFS
must publish this finding in the Federal Register, opening the process to public review and
comment. /d.

Subsequently, NMFS has a maximum of 12 months from the date the petition was
received to make a further determination.* This period involves a thorough review of the species
status, culminating in one of three possible outcomes: (1) the petitioned action is not warranted;
(2) the petitioned action is warranted, leading NMFS to propose a rule to list the species as
threatened or endangered; or (3) the petitioned action is warranted but precluded by other higher
priority actions. Significantly, this statutory period is not discretionary. If the agency fails to
timely issue its 12-month finding, it is in violation of the ESA.”> If NMFS decides to list the
species, it publishes a proposed rule in the Federal Register for public comment.® The final
listing determination must be made within one year of publishing the proposed rule.’
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The case of GOA Chinook salmon is particularly urgent. On May 24, 2024, NMFS
announced a 90-day finding on a petition from WFC, highlighting the critical status of Chinook
salmon populations. These populations are integral not only to the ecosystem but also to the
cultural and economic fabric of the region. Any delay in the 12-month finding, as observed in
past instances such as the failure to timely address the listing of the cauliflower coral,® could

116 U.S.C. § 1531(b).

2 S. Rep. No. 418, 97" Cong., 2d Sess. at 10; see also H. Rep. No. 567, 97th Cong., 2d Sess. at
10 (describing section 4 of the ESA, 16 U.S.C. § 1533).

316 U.S.C. § 1533(b)(3)(A).

416 U.S.C. § 1533(b)(3)(B).

5 See 16 U.S.C. §§ 1533(b)(3)(B) & 1540(g). The failure to meet this deadline is also agency
action “unlawfully withheld or unreasonably delayed” within the meaning of the Administrative
Procedure Act, 5 U.S.C. § 706(1).

616 U.S.C. § 1533(b)(5).

716 U.S.C. § 1533(b)(6)(A)i).

8 Center for Biological Diversity, Lawsuit Advances Protections for Hawaii’s Cauliflower Coral
(2020), available at: https://biologicaldiversity.org/w/news/press-releases/lawsuit-advances-
protections-for-hawaiis-cauliflower-coral-2020-03-04. The case of the cauliflower coral
(Pocillopora meandrina), known as Ko‘a in Hawaiian, is a recent and relevant example of
NMEFS’s failure to meet its legal obligations under the ESA. In that instance, NMFS did not



have severe consequences for the survival of Chinook salmon populations. WFC urge NMFS to
strictly adhere to the ESA’s mandatory timelines to avoid a repeat of past delays, which can
significantly endanger vital species.

B. The ESA requires a comprehensive analysis of all mortality sources, including
indirect take, for listing GOA’s Chinook salmon under the ESA.

ESA Section 4(b)(1)(A) requires that the decision to list a species under the ESA be made
on a comprehensive analysis of “the best scientific and commercial data available.”® This
includes evaluating factors like “present or threatened destruction, modification, or curtailment
of its habitat or range” and “overutilization for commercial, recreational, scientific, or
educational purposes.”!? In the context of assessing the status of GOA Chinook salmon within
the GOA Evolutionarily Significant Unit(s) (ESU), this provision requires a thorough
examination of all mortality sources impacting these populations.

The current exploitation rates (ERs) reported by fisheries targeting specific species do not
adequately account for the indirect take, or bycatch, of non-target species such as Chinook
salmon. This is particularly significant due to the tendency of Chinook salmon populations to
aggregate densely in certain areas. Because of this spatial clustering, catch figures may not
accurately reflect the severe impact of fishing activities on small, localized Chinook populations.
Therefore, a detailed analysis at the level of individual fishing vessel’s catch and/or source
population is necessary to understand the impact on Chinook salmon. To comply with the ESA,
the status review must extend beyond direct mortality rates to encompass indirect mortality, a
critical concern highlighted by the substantial bycatch of Chinook salmon in British Columbia
(BC) and Alaska fisheries.

Additionally, a new, standardized international Pacific Rim baseline for genetic stock
identification (GSI) of Chinook Salmon has recently been published. We recommend any past
GSI analysis take into account any difference in reporting groups this new baseline may reveal.
In addition, special attention is warranted in regard to some of the inaccuracies reported for the
new baseline in regards to the Taku, Stikine, and SE Alsaka stocks based on the results reported
by Van Doornick et al (2024) in figure 4. Additional genetic analyses use next generation genetic
analysis techniques (more loci across the entire Chinook salmon genome) may be necessary to
adequately identify ESU’s.

adhere to the mandatory 12-month finding deadline following a positive 90-day finding that
listing the coral species might be warranted. This delay not only violated the express statutory
requirements of the ESA but also potentially exacerbated the threats to the species’ survival. The
Center for Biological Diversity had to resort to legal action to compel NMFS to fulfill its duty.
This situation should serve as a cautionary tale in the current deliberations over the Chinook
salmon.

916 U.S.C. § 1533(b)(1)(A).

1016 U.S.C. § 1533(a)(1)(A)-(B).



1. NMFS should consider Chinook bycatch data in BC fisheries for ESA
evaluations of GOA stocks.

A draft report by Fisheries and Oceans Canada (DFO Report), recently shared with the
WEFC by an independent journalist, highlights the concerning levels of bycatch involving
Chinook salmon in the BC groundfish trawl fisheries.!' The DFO Report analyzed tissue samples
recovered from the BC groundfish fisheries conducted from September 26, 2022 to February 20,
2023. During that time period, a total of 28,117 Pacific salmon were captured, of which 26,273
were Chinook.'? The majority of Chinook caught were from the mid-water troll fleet.!* This
represents a tripling of the previous 14-year average and the highest level of bycatch since 2008.

Stock composition analyses of the Chinook caught included both coded wire tag (CWT)
recoveries from Pacific Salmon Treaty exploitation rate indicator stocks in BC, Puget Sound, and
the Washington Coast, and genetic assignment methods (for Chinook that lacked a coded-wire
tag).'* Genetic stock identification analyses included parent-based tagging (PBT) analyses and
genetic stock identification (GSI) analyses.'> PBT analyses were applicable only for BC hatchery
stocks for which appropriate parental genetic data had been acquired.'® GSI analyses were
applied to the remaining Chinook samples that were not resolved by PBT.!”

This method allowed researchers to determine the stock composition for Chinook salmon
that originated in Canada. While the study did not determine the stock composition for Chinook
salmon that originated in the United States, it is reasonable to infer that Chinook salmon that did
not originate in Canada, originated in the United States, some of which could have been from
GOA Chinook populations.'® As noted in the DFO report, “stock composition of Chinook
salmon represented by Canadian-origin stocks, as estimated based upon combined CWT and
PBT-GSI information, varied from 21% to 83% among catch strata.” °

These results suggest that significant numbers of US stocks, including the petitioned
GOA stocks, were also taken by the BC groundfish fishery. Accordingly, as part of its review,
NMEFS should acquire the BC groundfish bycatch data evidenced by the DFO Report and
conduct appropriate stock identification analyses on all Chinook samples not identified as
belonging to BC Chinook stocks.

I C.R. Lagasse et al., Review of Salmon Bycatch in the Pacific Region 2022/23 Groundfish
Trawl Fishery and Preliminary Results of an Enhanced Monitoring Program, Can. Manuscr.
Rep. Fish. Aquat. Sci. 273 (2023).

21d. at 14,

B Id.

“1d. at5.

B d.

16 1d.

" 1d.

18 1d. at 30.

Y 1d. at 8.



2. NMFS should consider bycatch data from the Alaska Bering Sea (BSAI) and
GOA groundfish trawl fisheries for ESA evaluations of GOA stocks.

In addition to the recent Chinook bycatch in the BC groundfish fisheries, there has been
significant bycatch of Chinook in the Alaska groundfish fisheries, notably within the Bering Sea
and Aleutian Islands (BSAI) and the GOA Pollock fisheries. The latest data from Guthrie et al.
shows estimated stock contributions of Chinook bycatch across the Northwest Gulf of Alaska,
Copper, Coastal Southeast Alaska, among others.?%*! NMFS should evaluate the two reports by
Guthrie et al. and include the catches of both adult, and subadult, Chinook salmon that are likely
captured from populations being evaluated for listing in the Petition.

3. Additional scientific publications relevant to the evaluation of the petition.

We recommend adding the following publications to the list of relevant scientific information
that should be considered by the Biological Review Team:

Brendan Byrne, Junjie Liu, Kevin W. Bowman, Madeleine Pascolini-Campbell,

Abhishek Chatterjee, Sudhanshu Pandey, Kazuyuki Miyazaki, Guido R. van der Werf,
Debra Wunch, Paul O. Wennberg, Coleen M. Roehl & Saptarshi Sinha. Nature 2024. Carbon
emissions from the 2023 Canadian wildfires.

Davies, B., McNabb, R., Bendle, J., Carrivick, J., Ely, J., Holt, T., Markle, B., McNeil, C.,
Nicholson, L., Pelto, M. 2024. Accelerating glacier volume loss on Juneau Icefield driven by
hypsometry and melt-accelerating feedbacks. Nature Communications.

Gayeski, N., Swanson, D., MacDuffee, M., Rosenberger, A. Productivity and resilience of
Chinook salmon compromised by ‘Mixed-Maturation fisheries in marine waters.” In review,
2024. BioRxiv

Van Doornik, D.M., Moran, P., Rondeau, E.B., Nichols, K.M., Narum, S.R., Campbell, M.R.,
Clemento, A.J., Hargrove, J.S., Hess, J.E., Horn, R.L., Seeb, L.W., Stephenson, J.J., McKinney,
G.J. 2024. A new, standardized international Pacific Rim baseline for genetic stock identification
(GSI) of Chinook Salmon. North American Journal of Fisheries Management. 44:857-869.

Von Biela, V. R., L. Bowen, S. D. McCormick, M. P. Carey, D. S. Donnelly, S. Waters, A. M.
Regish, S. M. Laske, R. J. Brown, S. Larson, S. Zuray, and C. E. Zimmerman. 2020. Evidence of

prevalent heat stress in Yukon River Chinook Salmon. Canadian Journal of Fisheries and
Aquatic Sciences 77:1878—1892.

20 C. M. Guthrie 111 et al., Genetic stock composition analysis of Chinook salmon (Oncorhynchus
tshawytscha) bycatch samples from the 2020 Bering Sea pollock trawl fisheries, US Department
of Commerce, NOAA Technical Memo NMFS-AFSC-446 (2022), 30.

21 C. M. Guthrie Il et al., Genetic stock composition analysis of Chinook salmon (Oncorhynchus
tshawytscha) bycatch samples from the 2020 Gulf of Alaska trawl fisheries, US Department of
Commerce, NOAA Technical Memo NMFS-AFSC-445 (2022), 30.



Von Biela et al. Fisheries 2021. Premature Mortality Observations among Alaska’s Pacific
Salmon During Record Heat and Drought in 2019.

ITI. CONCLUSION

WEC strongly support the prompt listing of GOA Chinook salmon under the ESA. Given the
substantial evidence of high bycatch rates in both domestic and international fisheries, WFC urge
NMES to adhere strictly to the ESA-mandated timelines and procedures. It is imperative that
NMEFS incorporates comprehensive bycatch data and all other relevant scientific and commercial
information in its status review to ensure a well-informed and timely decision. Prompt and
thorough attention to this process will not only serve the immediate needs of the Chinook salmon
but will also positively reinforce the commitment to conservation efforts for similarly situated
species in the future.

Attached:

1. Additional References
2. References from Footnotes



Article

Carbonemissionsfromthe 2023 Canadian

wildfires

https://doi.org/10.1038/s41586-024-07878-z
Received: 29 November 2023

Accepted: 25 July 2024

Brendan Byrne'®, Junjie Liu?, Kevin W. Bowman'?, Madeleine Pascolini-Campbell’,
Abhishek Chatterjee’, Sudhanshu Pandey’, Kazuyuki Miyazaki', Guido R. van der Werf*,
Debra Wunch®, Paul O. Wennberg?®, Coleen M. Roehl? & Saptarshi Sinha’

Published online: 28 August 2024

Open access

M Check for updates

The 2023 Canadian forest fires have been extreme in scale and intensity with more
than seven times the average annual area burned compared to the previous four
decades'. Here, we quantify the carbon emissions from these fires from May to

September 2023 on the basis of inverse modelling of satellite carbon monoxide
observations. We find that the magnitude of the carbon emissionsis 647 TgC
(570-727 TgC), comparable to the annual fossil fuel emissions of large nations,

with only India, China and the USA releasing more carbon per year?. We find that
widespread hot-dry weather was a principal driver of fire spread, with 2023 being
the warmest and driest year since at least 1980°. Although temperatures were extreme
relative to the historical record, climate projections indicate that these temperatures
arelikely to be typical during the 2050s, even under a moderate climate mitigation
scenario (shared socioeconomic pathway, SSP 2-4.5)*. Such conditions are likely to
driveincreased fire activity and suppress carbon uptake by Canadian forests, adding
to concerns about the long-term durability of these forests as a carbon sink®*%,

Canadian forests cover a vast area of nearly 362 million ha (ref. 9),
amounting to 8.5% of the global forested area'. These forests are an
important sink of carbon, absorbing fossil carbon dioxide (CO,) from
theatmosphere and slowing the pace of climate warming'2. However,
climate changeisincreasing forest fire activity, acting to suppress the
carbon uptake capacity of these forests'. Although more frequent fires
have been widespread, 2023 has seen forest fires on an extreme scale.
With 15 million ha of Canadian forests burned (about 4% of forest area)’,
2023 saw more thanseventimes (8 o) the average burned area over the
preceding 40 years (1983-2022 mean, 2.2 million ha; range, 0.2-7.1 mil-
lion ha)’. The adverse societal impacts of these fires are clear: 232,000
evacuations and poor air quality affecting millions. However, the
carbon emissions from the fire events remain uncertain. In this study,
we quantify these emissions through inverse modelling of satellite
observations of carbon monoxide (CO). Then, we examine concurrent
climate anomalies and projected changesin the prevalence of hot-dry
weather under climate change. Finally, we discuss the implications of
fires for the Canadian carbon budget.

Fire emissions

Fire carbon emissions can be tracked from space using bottom-up
and top-down approaches. Bottom-up approaches use satellite
observations to track fire activity, such as burned area® or fire radia-
tive power™. Emissions of CO,, CO and other trace gases are then
estimated by combining the estimates of fire activity with quantities
such as fuel loads and emission factors. Although these bottom-up
estimates are continually improving, inventories can vary significantly

in global and regional trace gas and aerosol emission estimates™".

Top-down approaches provide a method for refining bottom-up
trace gas emission estimates by optimally scaling emission estimates
to be consistent with the observed concentrations of trace gases in
fire plumes. A strength of this approach is that it integrates emis-
sions from both flaming and smouldering combustion to capture net
emissions.

Inthis study, we perform top-down estimates of CO emissions from
the 2023 Canadian fires based on observational constraints from the
TROPOspheric monitoring instrument (TROPOMI) space-based CO
retrievals (Fig.1a,b). These estimates are performed using three differ-
entbottom-up fire emission inventories: the global fire emissions data-
base (GFED4.1s)¥, the global fire assimilation system v.1.2 (GFAS)** and
the quick fire emissions dataset v.2.6r1 (QFED)™. For each inversion,
the combined carbon emissions released as CO and CO, (CO, + CO)
arethen estimated using the CO,/CO emission factors from the same
bottom-up database. The CO,/CO emission ratios can be highly vari-
able, adding uncertainty to our analysis. We incorporate some of this
uncertainty here as eachbottom-up database has different mean emis-
sion ratios for Canadian forests (range, 7.7-10.8 gC of CO, per gC of
CO,). Details for these inversions are provided in the methods and
adescription of the inversion results and evaluation of the perfor-
mance of the top-down estimates are provided in Supplementary
Information sections 1and 2). We find the top-down estimates are
relatively insensitive to choices about inversion configurationbut do
show sensitivity to prescribed hydroxyl radical (OH) abundances®,
which determine the atmospheric lifetime of the CO emitted (Sup-
plementary Information section1and Supplementary Fig.1).

'Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA. ZDivision of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA.
3Joint Institute for Regional Earth System Science and Engineering, University of California, Los Angeles, CA, USA. “Meteorology & Air Quality Group, Wageningen University and Research,
Wageningen, The Netherlands. °Department of Physics, University of Toronto, Toronto, Ontario, Canada. ®Division of Engineering and Applied Science, California Institute of Technology,
Pasadena, CA, USA. 'Department of Energy, Environmental, and Chemical Engineering, Washington University in St. Louis, St. Louis, MO, USA. *%e-mail: brendan.k.byrne@jpl.nasa.gov
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Fig.1|CO enhancements and fire emission estimates. a-c, May-September
TROPOMIdry-air mole fractions of CO (X,,) averaged over 2019-2022 (a) and for
2023 (b) aggregated toa2° x 2.5°grid. ¢, Canadian forest fire carbon emissions
(from CO and CO,) for the 2023 May-September fire season, compared with fire
emissions during 2010-2022 (distribution shown by box-and-whisker plots).

Figure 1c shows the bottom-up and top-down CO, + CO carbon emis-
sions from fires during May-September 2023. The bottom-up datasets
showlarge differences, ranging from 234 to 735 TgC (mean of 469 TgC).
Thisrangeisreduced by 69% in the top-down estimates (570-727 TgC),
which also give a larger mean estimate of 647 TgC. Emissions during
2023 far exceed typical Canadian forest fire emissions, with2010-2022
average emissions of 29-82 TgC for the bottom-up inventories and
121 TgC for top-down estimates (Supplementary Fig. 2). To contextu-
alize these numbers, we compare the top-down estimates to annual
national fossil fuel emissions for the ten largest emitters (Fig. 1d). The
5month 2023 emissions are more than four times larger than Canadian
annual fossil fuel emissions (149 TgC yr™) and comparable to India’s
annual emissions (740 TgC yr™).

Fire activity is affected by several complex drivers, including fuel
traits?® and ignition probability*. However, fire weather—hot and dry
conditions—has been shown to be extremely important in driving
fire behaviour?. Climate data show an exceptionally hot and dry fire
season for Canadian forests during 2023 (Fig. 2). This was the driest
January-September period for Canadian forests since at least 1980,
with about 86% of forested area having below-average precipitation
and about 52% being more than1s.d. below the 2003-2022 average
(SupplementaryFig.4). May-September 2023 was the warmest since at
least 1980, withabout 100% of the forest area above average and about
90% being more than1s.d. above the 2003-2022 average. Similarly,
the vapour pressure deficit (VPD), which is closely associated with
fire activity?>?*, was the third highest since 1980, including 85% of the
forest areabeing above average and about 54% being morethan1 s.d.
above the 2003-2022 average.

Although hot-dry conditions were widespread across Canadian
forests, there are two notable regional patterns. Western Quebec
(49°-55°N,72°-80° W), whichis typically relatively wet (Supplementary

2 | Nature | www.nature.com

Top-down emissions over 2010-2022 are estimated from MOPITT (2010-2021)
and TROPOMI (2019-2022) COretrievals.d, Acomparison of May-September
Canadian fire emissions with 2022 territorial fossil carbon emissions for the ten
largest emitting countries, obtained from Global Carbon Budget 20222

Fig.5a), had exceptionally dry conditions during 2023, with precipita-
tionthrough September being 23.7 cm (49%) below average. Coupled
with extreme heat and VPD during June-July, fire emissions in this
region contributed about 15% of the national total (Supplementary
Fig. 6). The other notable region was northwestern Canada near the
Great Slave Lake (57°-62° N, 110°-125° W). This region is drier than
western Quebec on average, with about halfthe annual precipitation.
However, 2023 was exceptional, withboth alarge precipitation deficit
of 8.1cm (27% of January-September total) and exceptionally warm
conditions throughout May-September (+2.6 °C) (Supplementary
Fig.6). Thisregion contributed about 61% of the total Canadian forest
fire emissions.

Fires and climate

The relationship between climate variability and fire emissions for
Canadian forests is examined in Fig. 3, which shows fire emissions as
afunction of temperature and precipitation Z-scores over 2003-2023
for the 0.5° x 0.625° grid cells, in which Z-scores are the anomalies
divided by the standard deviation. May-September emissions are low-
est for combined cool-wet conditions (5.2 gC m™), whereas emissions
increase when either temperature is above average (19.5 gC m™) or
precipitation is below average (9.2 gC m™). However, emissions are
largest for combined warm-dry conditions (35.7 gC m™). In particular,
fire emissions are much increased during exceptionally hot and dry
conditions (99.6 gC m™, temperature Z>1and precipitation Z < -1).
These hot-dry conditions were much more prevalent in 2023 thanin
preceding years, withamean May-September T2M Z-score of2.3and a
precipitation Z-score of —1.1across grid cells, explaining why fire emis-
sions were extreme during 2023. Notably, the number of individual fires
during 2023 was not unusual, with 6,623 relative to a10 yr average of
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Fig.2|Canadianforests climate anomalies for 2023 relative t0 2003-2022
mean. a-d, Maps (left) and time series (right) of CPC global unified gauge-
based cumulative precipitation (XP) (a), MERRA-22 m temperature (with

2 week running mean) (b), MERRA-2 VPD (with 2 week running mean) (c) and fire
CO, + CO emissions from the GFED4.1s database (d). All maps are shown at a

5,597 (ref. 25). Yet, probably primarily driven by these hot-dry condi-
tions?, many of these fires grew to enormous sizes with hundreds of
megafires (greater than10,000 ha) recorded.

Next, we examine future climate conditions in the region and
how they compare to the concurrent climate conditions that led
to the massive fires. Figure 3 shows the decadal mean temperature
and precipitation Z-scores for the median of 27 models from the

spatial resolution of 0.5° x 0.625° and Z-scores are for the area-mean of
Canadian forests. Note that GFED4.1s isshown instead of the inversion results
because thoseare atacoarser spatial resolutionand cover ashorter time
period, maps of prior and posterior mean fire emissions are shownin
Supplementary Fig.14. Months are shown from January (J) to December (D).

coupled model intercomparison project phase 6 (CMIP6)* under the
moderate-warming shared socioeconomic pathway (SSP) 2-4.5(ref. 4).
Large projected temperature increases are found to occur, with aver-
age temperaturesinthe 2050s similar to 2023. More modest increases
in precipitation are projected, indicating a ‘speeding up’ of the water
cycle,inwhichbothevaporation and precipitation ratesincrease (Sup-
plementary Fig.12 shows ensemble distribution). Studies indicate that

Nature | www.nature.com | 3
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Fig.3|Relationship between fire emissions and climate anomalies.

Mean May-September GFED4.1s CO, + CO fire emissions as a function of May-
September T2M Z-score and January-September precipitation Z-score for
each 0.5°x 0.625°forested grid cell during2003-2023 (using2003-2022as a
baseline). Forindividual years, the mean Z-scores across forested grid cells are
shown with‘X. The projected decadal-mean temperature and precipitation
Z-scores for the median CMIP6 model under SSP 2-4.5 are shown by the circles.
The CMIP6 Z-scores are calculated using the 2000-2019 period as abaseline
butusethereanalysis2003-2022 standard deviations (see section on ‘Climate
data’). The historical and projected T2M and precipitation over the Canadian
boreal forests simulated by the CMIP6 ensemble are shownin Supplementary
Fig.12.

the combined effect will resultin regional increases in moisture deficits
for Canadian forests through the end of the twenty-first century®*%,
Beyond the 2050s, average temperature and precipitation conditions
areprojected to exceed the historical range. These changes willimpact
the boreal carbon cycle inmany ways, such as changing fuel loads and
species composition, which complicates projections of future fire
activity. However, increases in boreal fire emissions linked to warming
havebeen reported over recent decades™*?*° and several studies have
projected furtherincreasesin Canadian fire activity with future warm-
ing> 8. Thus, we find that warming, coupled with regionally increasing
moisture deficits, is likely to drive increased fire carbon emissions
from Canadian forests.

Canadian carbon budgetimplications

AsapartytotheParis Agreement, Canadais obligated to trackeconomy-
wide greenhouse gas (GHG) emissions and removalsin anational GHG
inventory (NGHGI). Thisincludes tracking emissions and removals from
‘managed’ lands, for which human interventions and practices have
been applied to perform production, ecological or social functions™.
However, the 2006 Intergovernmental Panel on Climate Change (IPCC)
guidelines for national GHG inventories® and Canadian NGHGI* differ
in how emissions and removals over managed lands are categorized.
TheIPCCguidelines treatall emissions and removals on managed land
asanthropogenic, whereas the Canadian NGHGI treats ‘natural distur-
bances’as non-anthropogenic. This difference in categorization leads
tolarge differences between the Canadian NGHGI and an estimate using
the IPCC guideline definitions.

Figure 4 shows that NGHGI removals on managed forest land are
almost exactly compensated by emissions from harvested wood prod-
ucts, such that the total CO, emissions for Canada are dominated by
the energy sector (more than 90% of net emissions). However, we see
that natural disturbances are shown to be of considerable magnitude,
amounting to nearly 60% of total CO, emissions in 2021. The 2023
CO + CO, fire emissions across managed Canadian forests (see section
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Fig.4|Canada’sNGHGI CO, emissions and removals compared with the
2023 Canadian fires. Lines show the annual net emissions or removals from
managed forest land (green), harvested wood products (brown), natural
disturbances that are not counted towards Canada’s emissions (red) and the
economy-wide net CO,emissions (grey). The top-down estimates of the 2023
CO, + COfires emissions over managed land are shown in black. Total CO,
emissions, harvested wood products and forest land emissions and removals
were obtained from Table A11-10of the NGHGI*?, whereas natural disturbances
were obtained from Table 6-5 of the NGHGI. All quantities presented are
inunits of teragrams of carbon (1 TgC =1MtC =1,012 gC), whichcanbe
converted to units of megatonnes of CO, (MtCO,) by multiplying by afactor
of3.664.

on‘Managed land’) are estimated to be 421 (388-461) TgC, amounting
to 2.5-3 years of economy-wide CO, emissions.

Regardless of their characterization, fire carbon emissions will affect
the growth rate atmospheric CO,. Assuch, monitoring changesin the
carbon budget across both managed and unmanaged land is impor-
tant. Including all land in the Canadian carbon budget, top-down
estimates find that Canadian ecosystems are a sink of CO, when con-
strained by either insitu or space-based CO, observations. Using both
datatypes, an ensemble of atmospheric CO, inversion systems report
that Canadian carbon stocks increased 366 + 88.6 TgC yr ™ over 2015-
2020", contributing about 30% of the net land carbon sink. Similarly,
space-based biomass estimates find carbon accumulationin Canadian
boreal forests, although smaller in magnitude****, Thus, Canadian
forests play animportantrole in mitigating anthropogenic emissions,
slowing the rise of atmospheric CO,. The large carbon release result-
ing from the 2023 Canadian fires puts into question the durability of
this sink. Others® showed that fires have acted to suppress the carbon
uptake potential of Canadian forests over the past 30 years. Although
Canadian forests have historically experienced large stand-replacing
firesatinfrequentintervals of 30 to more than100 years® ¥, increases
in fire frequency will probably reduce biomass recovery and affect
species composition®*°, It has also been argued that fire, insects
and droughts may already be driving Canadian forests into a carbon
source**? In the extreme case that expansive fires, such as that of
2023, become the norm (burning 4% of Canadian forest area), all
Canadian forests could burn every 25 years. So, although the magni-
tude is uncertain, it is likely that increasing fire activity in Canadian
forests will reduce the capacity of these Canadian forests to continue
toactasacarbonsink.

The role of Canada’s fire management strategy in managing fire
carbon emissions also deserves some discussion. Fire management
strategies require balancing several considerations, including socio-
economic costs, ecological impacts and carbon emissions. Canada’s
presentstrategy adopts arisk-based approach, for which decisions on
whether or not to suppress fires are made on afire-by-fire basis**, with



differing priorities across provinces and territories. Understanding how
fire regimes will change with climate change is thus of highimportance,
for future decision criteria and costing.

Conclusions

The 2023 fire season was the warmest and driest for Canadian forests
since atleast1980, resulting in vast carbon emissions from forest fires.
Using TROPOMI CO retrievals, we estimate the total May-September
CO, + COemissions fromthese fires tobe 647 TgC (range 570-727 TgC),
comparable in magnitude to India’s annual fossil fuel CO, emissions.
The 2023 warmth was exceptional based onthe last 44 years but CMIP6
climate models project that the temperatures of 2023 will become
normal by the 2050s. Such changes are likely to increase fire activity’ 8,
risking the carbon uptake potential of Canadian forests. This willimpact
allowable emissions for reaching warming targets, as reduced carbon
sequestration by ecosystems must be compensated for by adjusting
anthropogenic emissions reductions.
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Methods

Climate data

Precipitation estimates were derived from Climate Prediction Center
(CPC) global unified gauge-based analysis of daily precipitation data
provided by the National Oceanic and Atmospheric Administration
from their website at https://psl.noaa.gov (refs. 44,45). MERRA-22 m
temperature (T2M) and dew point temperature at2 m (T2MDEW) were
obtained from the single-level diagnostics file. VPD was calculated
from these quantities using;:

VPD=es-ea,

where esis thesaturation vapour pressure and eais the vapour pressure,
calculated from T2MDEW and T2M, respectively, using the formulation
of ref.46. The Z-scores for precipitation, T2M and VPD were calculated
relative to the 20-year baseline of 2003-2022; for example, for T2M
thisis calculated as:

T2Mye,r —mean(T2Myp03-2022)
std (T2M,003-2022) ’

Z~SCOr€ ey =

where T2M,.,, is the May-September mean T2M for a given year and
T2M,003-2022 iS the 20-element ensemble of May-September mean T2Ms
during 2003-2022.

CMIP6 data were downloaded from the Canadian Climate Data
and Scenarios website (https://climate-scenarios.canada.ca/?page=
cmipé6-scenarios). We examine the ensemble median of 27 models
provided on a 1° x 1° grid (technical documentation at https://
climate-scenarios.canada.ca/?page=pred-cmip6-notes). The models
included are based on data availability and are tabulated at https://
climate-scenarios.canada.ca/?page=cmip6-model-list. T2M and
precipitation are analysed for the historical and future scenarios.
We combine the historical simulation with SSP 2-4.5 (ref. 4), shownin
the main text or SSP 5-8.5 as shown in Supplementary Fig. 7.

The Z-scores are calculated from the median of the CMIP6 ensemble
by calculating the temporal mean of the median model mean over
2000-2019foragivengrid cell, whereas the reanalysis dataare used to
estimate internal variability. Therefore, the T2M Z-score is calculated as:

T2Mcwmip year ~ MeaN(T2Mcip2000-2019)
std (T2Mygrra2003-2022)

VAR

Sources and sinks

Fossil CO emissions. Anthropogenic CO emissions are obtained from
the community emissions data system (CEDS) for historical emissions*’;
specifically we use version CEDS-2021-04-21 (ref. 48).

Prior fire CO, and CO emissions. Fire CO, and CO emissions are
obtained from the GFED, GFAS and QFED databases. GFED4.1s" pro-
vides estimates of biomass burning using a biogeochemical model
ingesting MODIS 500 mburned area® in combination with1km thermal
anomalies and 500 m surface reflectance observations to estimate
burned area associated with small fires using a statistical model*.
These data were downloaded from https://www.globalfiredata.org/.
GFAS v.1.2 provides estimates of daily biomass burning emissions by
assimilating MODIS fire radiative power observations'. These datawere
downloaded from the atmosphere data store (https://ads.atmosphere.
copernicus.eu). We use v.2.6 of the QFED gridded emission estimates'®.
These data were downloaded from https://portal.nccs.nasa.gov/
datashare/iesa/aerosol/emissions/QFED/v2.6r1/0.25/QFED/. For all
biomassburning datasets, werelease fire emissions at the model surface
butincorporate a3 hourly diurnal cycle based onref. 51. Year-specific
emissions are used for the prior in the atmospheric CO inversions.

Biogenic emissions, atmospheric CO production and OH data.
Biogenic emissions, atmospheric CO productionand OH datawere all
derived from the outputs of the MOMO-Chem chemical data assimila-
tion®2. An updated version of the tropospheric chemistry reanalysis v.2
(TCR-2)** produced using MOMO-Chem is used to evaluate the atmos-
pheric production andloss of CO. The reanalysis is produced through
the assimilation of several satellite measurements of ozone, CO, NO,,
HNO, and SO,. The chemical loss of CO was estimated using the reanaly-
sis OH fields. Because of the multiconstituent data assimilation, the
reanalysis OH shows improved agreements in global distributions over
remote oceans in comparison with the ATom aircraft measurements
from the surface to the upper troposphere’®®. Constraints obtained
for OH profiles have alarge potential to influence the chemistry of the
entire troposphere, including oxidation of non-methane hydrocarbons
(NMHCs) to estimate the chemical production of CO. The biogenic
emissions at the surface were obtained from the model of emissions
of gases and aerosols from Nature v.2.1 (MEGAN2.1)>. Year-specific
fields were only available through 2018 and estimates for that year
are repeated for more recent years. We also perform a supplemental
sensitivity analysis for the impact of prescribed OH abundances on
inferred emissions using the fields of ref. 55, which are commonly used
for GEOS-Chem methane inversions®.

COretrievals

TROPOMI. TROPOMI is a grating spectrometer aboard the ESA
Sentinel-5 Precursor (S5P) satellite which measures Earth-reflected
radiances”. CO total column densities are retrieved in the shortwave
infrared (around 2.3 pm) using the shortwave infrared CO retrieval
algorithm’®*°, TROPOMI CO retrievals®® were downloaded from the
Copernicus dataspace ecosystem (https://dataspace.copernicus.eu/).
We use SSPRPRO L2 CO (processor v.2.4.0) through 25July 2022, then
switch to S5P OFFL L2 CO for more recent data (processor v.2.5.0 or
2.5.0).Retrieved COtotal column densities are then converted to dry-air
mole fractions of CO (X;,) using the dry-air surface pressure and hyp-
sometric equation. The column averaging kernelis similarly converted
to mole-fraction space. Individual retrievals (quality flag > 0.5) from
each orbit are aggregated into super-observations using the model
grid (2° x 2.5°).

The retrieval uncertainty on super-observations is taken to be
the mean uncertainty on all retrievals in a given super-observation.
This approach is used because systematic errors may exist between
retrievals, such that assuming random errors would underestimate
thetrueretrieval error. For assimilationinto NASA carbon monitoring
system-flux (CMS-Flux), we calculate observational errors thatincor-
porate error in the atmospheric transport model. For this, we follow
the approach of ref. 61. First, we perform a forward model simulation
with the prior fluxes for 2019-2023. Then we take the observational
uncertainty to be the standard deviationbetween the simulated andreal
TROPOMI super-observations over amoving window of 30° latitude,
30° longitude and 30 days (across all years). The uncertainties esti-
mated using this approach range over 3.5-14.3 ppb (5-95 percentiles),
whereasretrieval errorsrange over1.4-4.9 ppb. Thus, the observational
errors are dominated by representativeness errors.

MOPITT. We use the MOPITT (measurements of pollutionin the tropo-
sphere) satellite thermal-infrared-near-infrared (TIR-NIR) CO retrieval.
Version 9 (L2V19.9.3)% is used from 2009 to 31 October 2022, whereas
L2V19.10.3.betais used from 1 November 2022 onwards. These data
were downloaded from the EarthData ASDC (https://asdc.larc.nasa.
gov/data/MOPITT/). As with TROPOMI, profile retrievals were con-
verted into dry-air mole fractions of CO (X,) for assimilation; how-
ever, unlike TROPOMI, we do not generate super-observations but
instead assimilate individual observations. This is because the footprint
of MOPITT retrievals (22 x 22 km?) is much coarser than TROPOMI
retrievals (3 x 7 km?).
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TCCON. The total carbon column observing network (TCCON)
consists of ground-based Fourier transform spectrometers which
retrieve X0, Xco, and other species from observations of solar radia-
tion®. In this study, we examine GGG2020 (ref. 64) TCCON data from
Park Falls®* and East Trout Lake®. These data were obtained from the
TCCON Data Archive hosted by CaltechDATA at https://tccondata.org.
Super-observations are created for each site as hourly averages; we
only include hours with five or more observations.

Atmospheric COinversions

We performaseries of CO inversion analyses using the CMS-Flux atmos-
pheric inversion system. This inversion model is descended from the
GEOS-Chem adjoint model® and has been used for CO, (refs. 68,69) and
COinversionanalyses™. Theinversionsin this study are all performed
globally at 2° x 2.5° spatial resolution using MERRA-2 reanalysis. CEDS
anthropogenic emissions, biogenic atmospheric CO production, direct
biogenic CO emissions and fire emissions (from GFED4.1s, GFAS or
QFED) and atmospheric OH fields are all prescribed in the forward
simulations (see section on ‘Sources and sinks’). Four-dimensional
variational data assimilation (4D-Var) is used to optimize scaling factors
onthenetsurface flux for each grid cell (combined anthropogenic, fire
and directbiogenic CO flux). The posterior CO fluxes are then decom-
posedinto anthropogenic, fire and biogenic fluxes using the fractional
contribution of the prior (anapproachwidely used for CO inversions).

A series of MOPITT X, inversions are performed over 2010-2021.
Weekly fluxes are optimized over the period 7 November of the pre-
ceding year (YYYY - 1) to 1February of the next year (YYYY +1), the
optimized fluxesinthe desired year areretained (YYYY) and the fluxes
outside this period are discarded as spin-up or spin-down. These inver-
sions are performed using the GFED4.1s fire inventory. Prior uncertain-
ties on emissions are assumed to be proportional to the emissions, with
ascale factor uncertainty of 200%.

TROPOMI X, inversions are performed over 2019-2023. These inver-
sions are performed over atruncated period of 1April to 30 September,
with April then being discarded as spin-up. Several different inver-
sion configurations are used to quantify the uncertainty in posterior
fluxes due to both Bayesian posterior uncertainties and systematic
choices abouterror specification and inversion configuration, both of
which have been shown to contribute significantly to inversion error
estimates™.

Three ensembles ofinversions are performed on the basis of the three
different prior fire inventories: GFED4.1s, GFAS or QFED (Extended
Data Fig. 1a). Each prior inventory was subjected to four different
experimental configurations (Extended Data Fig. 1b). In one case, the
X0 super-observations error is taken to be the mean retrieval uncer-
tainty across all retrievalsincluded in agiven super-observation. This
approachtypically gives an uncertainty of1.3-4.9 ppb. The other case
uses anobservational error estimate thatincorporates representative-
nesserrors (see sectionon ‘TROPOMI’), which are typically between 3.5
and14.3 ppb. The experimental configurations also differ by the treat-
ment of prior uncertainties on the fluxes. These uncertainties are not
well known a priori, thus we use two very different approaches. Inthe
first approach, we assume that the errors on fluxes are equal to 200%
ofthe prior flux estimate. In the second approach, we assume that flux
uncertainties are near constant in flux units (scale factor uncertainty
times control flux is constant, this is truncated to scale factors uncer-
tainties between 0.25 and 1,000). Finally, we also vary the temporal
optimization to either 3 or 7 days. As with the prior flux uncertain-
ties, there are many possible choices for temporal optimization, so
we choose two reasonable estimates to quantify the sensitivity to this
choice. The spread in maximum a posteriori estimates across these
different set-ups gives an indication of the uncertainty in estimated
fluxes due to the set-up decisions.

We also estimate the Bayesian posterior uncertainty (Extended
DataFig. 1c), which derives from uncertainties in the prior fluxes and

observations. This uncertainty is estimated using the Monte Carlo
method introduced by ref. 71and formalized by ref. 72 We perform the
experiment during 2023 for each prior inventory and use 40 inversion
ensemble members using the inversion configuration with TROPOMI
Xcorepresentativeness errors and 7 day optimization.

Finally, for each prior inventory, we calculate the posterior best
estimates and uncertainties from the experiments described above
(Extended Data Fig. 1d). The best estimate is taken to be the mean
across the four different inversion configurations. The uncertainty
onthis estimateis taken as the square-root of the sum of the variances
resulting from the differentinversion configurations and Monte Carlo
posterior covariance estimate. The overall best estimate istakento be
the average across the best estimates for the priorinventory ensembles
and the overalluncertainty istakentobe the range of 1 guncertainties
across the three prior inventory ensembles.

We estimate posterior CO, fluxes from the posterior CO emissions
using the CO,/CO emission ratios provided by the prior GFED4.1s, GFAS
and QFED inventories. Eachinventory has different CO,/CO emission;
thus, we use the emission ratio to estimate the posterior CO,fromthe
same inventory that was used as the prior inventory. This incorpo-
rates some uncertainty CO,/CO emission ratio into the CO, emission
estimates.

Regional masks

Forest area. Forest areais defined using v.6.1 of the MODIS MCD12C1
product”. On the basis of the type 1 majority land cover, we define for-
eststoinclude the categories evergreen needleleafforests, evergreen
broadleafforests, deciduous needleleaf forests, deciduous broadleaf
forests, mixed forests, woody savannas and savannas.

Managed land. The map of managed lands™ was accessed through
personal communication with M. Hafer and A. Dyk (the map was only
created for cartographic communication purposes). The extent of land
considered managed forestin Canadafor the purposes of GHG report-
ing to the United Nations Framework Convention on Climate Change
cannot be mapped indetail. Thatinformation comes from provincial/
territorial forest inventories that are not spatially explicit and cannot
be mapped. Supplementary Fig. 13 shows the managed land map and
the fractional managed/unmanaged for 2° x 2.5° grid cells.

Data availability

The dataset produced for this study canbe accessed at JPL Open Reposi-
tory, https://doi.org/10.48577/jpl.V5GROF.

Code availability

The Python and Bash codes used in this study are available at Zenodo
(https://doi.org/10.5281/zenod0.12709398)™.
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(a) Prior inventories: ensembles of inversions are performed for each prior inventory.

GFED GFAS QFED

(b) Multiple inversion set-ups: The sensitivity of the maximum a posteriori flux estimate
to inversion set-up is quantified using four different set-ups for the prior covariance (S,),
observational covariance matrices (S,), and temporal optimization:

(i) S, : mean retrieval uncertainty (ii) S, : representativeness uncertainty
S,:200% of flux S,:200% of flux
Optimization: 7-day temporal groupings Optimization: 7-day temporal groupings
(iii) S.: mean retrieval uncertainty (iv) S, : representativeness uncertainty
S, : near-constant uncertainty S,: near-constant uncertainty
Optimization: 3-day temporal groupings Optimization: 3-day temporal groupings

(c) Posterior error covariance (Sp;,): A Monte Carlo method is used to approximate Sp;,, for
the biv inversion set-up, where (© is the Hadamard product and N is a random matrix:

Scl=S. O N,! S2=5. O N2 $3=S.ONZ |, 44 | S0=5. 0N
S,.1=S, O N,! 5,2=5, O N,2 $2=S,ON,3 5,0=5, O N,%

(d) Final flux estimates: The best posterior flux estimate (%) estimate and uncertainty (S)
for each ensemble experiments are calculated from steps (b) and (c) as:

X = mean(Rp;, Xpip, Xpiii» Xpiv)

S = var (Xp;, Xpii, Xpiii» Xpiv) + Shiv

Extended DataFig.1|Schematic diagram of the TROPOMIXCO inversion posteriorerror estimates are estimate for 2023 by following the Monte Carlo
procedure. (a) Ensembles of inversions are performed based onthree different  approach for4D-Var of Chevalier etal.”. (d) The posterior best estimates are
fluxinventories. (b) To quantify the sensitivity to systematic error sources, taken as the average maximum a posteriori estimate across inversion
fourinversions are performed that differin observational error constraints, configurations while the uncertainty is taken to be the sum-of-squares of the

priorerror constraints, and temporal optimization frequency. (c) Bayesian error components estimated in (b) and (c).
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Globally, glaciers and icefields contribute significantly to sea level rise. Here we
show that ice loss from Juneau Icefield, a plateau icefield in Alaska, accelerated
after 2005 AD. Rates of area shrinkage were 5 times faster from 2015-2019
than from 1979-1990. Glacier volume loss remained fairly consistent
(0.65-1.01 km?* a™) from 1770-1979 AD, rising to 3.08-3.72 km® a™ from
1979-2010, and then doubling after 2010 AD, reaching 5.91+ 0.80 km® a™
(2010-2020). Thinning has become pervasive across the icefield plateau since
2005, accompanied by glacier recession and fragmentation. Rising equilibrium
line altitudes and increasing ablation across the plateau has driven a series of

hypsometrically controlled melt-accelerating feedbacks and resulted in the
observed acceleration in mass loss. As glacier thinning on the plateau con-
tinues, a mass balance-elevation feedback is likely to inhibit future glacier
regrowth, potentially pushing glaciers beyond a dynamic tipping point.

Globally, mountain glaciers and ice caps dominate loss of land ice', and
were responsible for 21% of observed global sea level rise from
1993-2017". The largest contributions (8 mm from 1961-2016) were
from Alaskan and Western Canadian glaciers?, which hold a large
volume of ice (46.4+15.3 mm sea-level equivalent)®, and which will
contribute to sea level rise for centuries to come*”. Alaska will likely
remain the largest regional contributor to 2100 AD®. Model projections
indicate that, with emissions policies defined under the Paris Agree-
ment, land ice will drive 25 cm (11, 40 cm at 5th, 95th percentiles) sea-
level rise by 2100 AD. Of this, 13 cm will come from glaciers, 25% of
which will come from Alaska alone*. Under the higher-emission sce-
nario RCP 4.5, around 30% of glacier ice will have disappeared from
Alaska by the year 2100 (relative to 2015 AD), causing 17 + 4 mm of
global sea level rise’.

Alaskan icefields may be particularly vulnerable to accelerated
melt as the climate warms. Firstly, a large ice volume in Alaska is in
hypsometrically top-heavy or plateau icefields (cf.>®, Fig. 1) with a low-
slope accumulation area, making them likely vulnerable to small
changes in equilibrium line altitude (ELA)*°. Secondly, a decrease in
height of a flatter icefield or ice cap will theoretically result in a
decrease in surface mass balance (SMB) as the ice surface lowers into
warmer air, which reinforces itself as an SMB-elevation positive
feedback™. Thirdly, due to an absence of higher topography, flatter ice
caps and icefields cannot retreat to higher elevations and find a new
equilibrium®. Icefields therefore are likely to exhibit threshold
behaviour'®?, with tipping points for rapid and irreversible recession.
However, a paucity of long, multi-decadal empirical observations of
icefield change impedes our ability to accurately constrain and
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Fig. 1| Hypsometry of major Alaskan icefields. Top: hypsometric index of indi-
vidual glaciers in the RGI (Randolph Glacier Inventory) v6.0%”. Hypsometric index
defined after ref. 63. Visualised on background of void-filled 3” Viewfinder Panor-
ama DEMs (Digital Elevation Models), comprising SRTM DEM (Shuttle Radar
Topography Mission Digital Elevation Model) south of 60°20'N. Below: area-
elevation histograms for major ice bodies in Alaska. Measured Equilibrium Line
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gent and Bagley icefields all have a significant low-slope plateau in their accumu-
lation areas. Juneau, Stikine, Harding, Sargent and parts of Kluane Icefield are all
very top-heavy icefields. Bottom right: normalised cumulative area-elevation plots
for each icefield. The top-heavy Juneau, Stikine, Harding and Sargeant icefields
alone make up 2589 km’ of ice.
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evidence these processes and identify tipping points and thresholds of
change. Understanding the physical processes that affect the different
way icefields and ice caps respond to climate change is key to
improving our ability to estimate icefield response to future climate
change®™,

Upskilling our ability to predict future glacier behaviour using
model-data comparisons requires detailed observations for model
parameterisation and calibration or weighting of projections'®”. In
Alaska, the largest Holocene glacier expansion occurred during the
“Little Ice Age” (LIA)'®, AD 1770-1850 AD****°, with temperatures 1.3 °C"*
to 2°C* cooler than modern (Supplementary Information Section 3).
The geomorphological imprint of this expansion is clearly observable
in Sentinel satellite imagery and the fine-resolution ArcticDEM
product®. Temperature changes during this historical period were of a
similar amplitude of forcing (+2 °C) to those projected in the next two
centuries?. Datasets of glacier change through this historical period,
with a measure of uncertainty, are required for understanding the
behaviour of ice caps and icefields under a changing climate, and for
upskilling projections through data-model comparisons**'*?*, but
few exist with a long (more than a few decades) and high (decadal)
temporal resolution. The aim of this study is therefore to quantify
“Little Ice Age” to recent (2020 AD) glacier change at Juneau Icefield
(Alaska and British Columbia, Figs. 1, 2a) to determine the rates of, and
controls on, icefield-wide shrinkage and thinning.

Juneau Icefield (northern Coast Mountains) straddles the bound-
ary between Alaska (USA) and British Columbia (Canada) (Figs. 1, 2 and
Supplementary Fig. 1). It is a temperate, maritime icefield, though the
eastern side has a more continental climate**., The icefield spans an
elevation range of 0-2300 m asl, with a large, low-slope accumulation
area covering 1400 km? It comprised 1050 glaciers in 2019%, covering
3816.3 km? and with an ice volume of 10511+ 301.7 km® (calculated
using data from ref. 3; Supplementary Fig. 2). Most of the glacier area is
held in 40 topographically confined outlet glaciers (2939.1 + 4.2 km?),
which drain directly from the main plateau. Separate to this plateau are
smaller ice bodies; 145 valley glaciers (570.9 +2.3 km?), 584 mountain
glaciers (279.2+6.4km? and 281 glacierets (27.2+3.0 km?”. The
northern accumulation plateau area lies above 1500 m and has mod-
elled ice thicknesses reaching 420 m®, while the southern plateau is
lower, above 1200 m, but ice here is approximately 950 m thick
(Supplementary Fig. 1, 2). Taku Glacier has a maximum measured
thickness of 1477 m, with a bed up to 600 m below sea level”. Icefalls
occur on 23 outlet glaciers (including 13 outlet glaciers draining from
the main interconnected plateau) and the study region as a whole
contains 150 icefalls observed on 55 glaciers”. These icefalls have a
mean elevation of 1481 m asl (range 810-2121m) and many occur
around the rim of the icefield plateau®.

Outlet glaciers around Juneau Icefield were at their neoglacial
maximum at around 1770 AD (Supplementary Information
Section 3)*7! with some historical observations of outlet glacier
extent also mapped in the early 20th century®’. Juneau Icefield has an
especially long and detailed mass balance record since 1946**** and
an exceptional database of glaciological observations (e.g.,
refs. 25,36-42). Positive annual balance was recorded between 1946 to
1949, with high winter cyclonic activity. From 1950 to 1957, annual
mass balances were negative, due to decreased cyclonic activity, and
below-normal accumulation temperatures*®. Between 1958 to 1962,
warmer winter temperatures and increased precipitation led to
increasing annual mass balance. From 1964 to 1975, cool ablation
season temperatures and above average winter precipitation caused
increased annual balances®. Young et al. calculate a rate of —0.57
(-0.11, +0.12) m w. e. a™ for the icefield from 1980-2016, with ice west
of the topographic divide undergoing a greater rate of mass loss than
the more interior glaciers”. In comparison, Berthier et al. calculate a
mass balance of —0.65 m yr™ for the Coast mountain range from 1962
to 2006*. Glaciers today continue to thin and recede in response to an

overall warming®*., From 2000 to 2016, Juneau Icefield had a mass
balance of -0.68+0.15m w.e. a**°. Lemon Creek had a cumulative
annual mass balance of -1.03 m w.e. from 1990 to 2018, with increasing
rates of mass loss, primarily driven by increases in glacier ablation and
summer warming® (Supplementary Fig. 3d). After decades of glacier
advance, Taku Glacier is now receding, with thinning across its entire
elevation range between 2013 and 2018, with an average rate of -1.3 m
ice equivalent per annum>~’,

Measured equilibrium line altitudes (ELAs) reach 1499 m asl
(mean 2011-2020 AD) on Lemon Creek Glacier and 1159 m asl on Taku
Glacier®*, with ELAs over 1500 m reported in warm years. The equi-
librium line altitude (ELA) at Taku Glacier has risen from 912 m asl
(mean 1940-1950 AD) to 1000 m (mean 1986-2018) and to 1159 m asl
(mean 2011-2020 AD)*®, The ELA at Lemon Creek Glacier has risen
from 1038 m asl (mean 1961-1970) to 1499 m asl (mean 2011-2020)%.
This means that the ELA of outlet glaciers is now more frequently
reaching the rim of the plateau around the icefield (1200 m asl; cf.?").
Independent hydrological measurements indicate that glacier ice melt
volumes are increasing, with spring glacier melt volume increasing at
16% decade™”, and an increasing trend in annual glacier ice melt
production.

Southern Alaska has a maritime, high-latitude climate regime,
characterised by abundant snowfall and cooler summers®, Climate in
southern Alaska and in the Gulf of Alaska region is largely controlled by
the North Pacific Decadal Variability*®. The dominant modes of the
North Pacific Decadal Variability are largely determined by the win-
tertime strength of the Aleutian Low and sea surface temperature
anomalies related to the Pacific Decadal Oscillation.

Precipitation patterns in Juneau are dominated by the Aleutian
Low, which is a region of winter-time low pressure near the Aleutian
Islands*’. These low-pressure conditions increase the frequency and
intensity of winter storms. A strong Aleutian Low, with a positive
Pacific Decadal Oscillation, therefore brings enhanced winter storms
and increased precipitation along the Gulf of Alaska®®. There is strong
interannual to multidecadal variability in the Aleutian Low, with a shift
in 1976 from mainly negative values (1951-1975) to mainly positive
values (1977-2001), leading to increased coastal precipitation® and
winter snowfall*>. Since 2015, the Aleutian Low has been weaker®. The
shift in the Aleutian Low after 1976 is reflected in snowfall received at
Juneau; analysis of three-month winter (DJF) precipitation data from
the meteorological station at Juneau Airport (NOAA®*) show mean
values 0f 10,300 + 1300 mm w.e. (with a 95% confidence interval) from
1951-1975, and 13,200 + 1200 mm, 1977-2020 AD. A Student’s t-test
showed a statistically significant increase in precipitation between
these two time periods (¢ stat 3.36 >t Critical one-tail 1.67) (Supple-
mentary Fig. 3b). The increase in precipitation occurs mostly in Sep-
tember to November (Supplementary Fig. 3c).

Temperatures from Juneau Airport meteorological station
(NOAA**; Supplementary Tables 1, 2) are available from 1941-present at
a monthly resolution. Mean summer temperatures (1986-2005) reach
13.34 °C, with a mean annual air temperature of 5.67 °C. Winter tem-
peratures show a strong increase in warming, with a trend of 0.35°C
per decade from 1941-2020 (p < 0.05). There was an increase in mean
winter temperatures of 2.07 °C from 2001-2020 relative to 1941-1970
(Supplementary Table 1), which has lengthened the summer melt
season. For mean annual air temperatures, six of the ten warmest years
have occurred since the year 2000, and the ten coolest years all
occurred prior to 1973 (Supplementary Fig. 3a). Since records began at
Juneau Airport, summer temperatures have also increased, with tem-
peratures from 2001 to 2020 0.97 °C warmer than from 1941 to 1970.
This trend is in line with observations across Alaska, which shows
warming temperatures since the 1970s and exceptionally warm recent
years, a shrinking snow-season state-wide, and a longer melt season®.

This climate shift is also clearly visible in the ERAS climate rea-
nalysis data® (Supplementary Fig. 4). Here, the mean climate
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Fig. 2 | The Juneau Icefield and its evolution over time. A Overview of Juneau
Icefield; glacier extent in 2019 is shown in red. Key glacier names are shown. Gla-
ciers in black not included in the study area. Overlain on background of ASTER
GDEM. B Field photograph (credit Bethan Davies) of Mendenhall Glacier, in June
2022. C Examples of aerial imagery used in glacier reconstruction (1948) for
Mendenhall Glacier and Lemon Creek Glacier. Image courtesy of the U.S. Geological

Survey. D Example of satellite imagery (Sentinel-2A, 2019) for Thiel Glacier (north-
flowing) and Eagle Glacier (south-flowing). E Example of reconstructed glacier area
loss for Mendenhall Glacier and Lemon Creek Glacier. Historical glacier positions
from ref. 28. C, E have the same scale and extent. Extents are shown in (A). See also
Supplementary Figs. 1, 2. ASTER GDEM is the Global Digital Elevation Model pro-
duced by ASTER, courtesy of NASA/JPL-Caltech.
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(temperature, precipitation and vertically integrated moisture differ-
ence) of 1990-2005 and 2015-2019 are compared with the mean
1950-1980 climate. The post-1976 climate shift is clearly apparent,
with warming and increased precipitation in 1990-2005 relative to
1950-1980. However, the difference is much greater for the 2015-2019
period, when temperatures, at both 2 m and 850 mb, are substantially
higher. This period sees especially warm temperatures around Juneau
(Supplementary Fig. 4e, f) as well as decreased precipitation (Supple-
mentary Fig. 4h).

Results

LIA glacial reconstruction

The reconstructed LIA icefield (Figs. 3, 4 and Supplementary
Figs. 9-10) covered 5414.95 + 111.76 km?; 29.5% larger than in 2019 AD
(Table 1), with reconstructed ablation areas adding 95.26 +17.01km?
compared with 2013 AD (Table 2). At this time, Juneau Icefield outlet
glaciers extended down onto the plain in several valleys, with many
forming large unconstrained piedmont lobes; for example, Hole-in-
the-Wall and East and West Twin Glaciers, Mendenhall Glacier, Herbert
Glacier, Llewellwyn Glacier and Eagle Glacier (Supplementary Fig. 10).
At these piedmont glacier lobes, large concentric moraines represent a
substantial period of stability and moraine building for the glacier. In
many of these places, the moraines display multiple closely spaced
ridge crests. There are some moraines visible between the innermost
of these concentric piedmont glacier moraines and the 1948 glacier
outlines, for example at Herbert Glacier (Supplementary Figs. 1h, 9),
suggesting that the ice may have temporarily stabilized during reces-
sion into the valleys, potentially due to changing topographic con-
straints on the margin. Recessional moraines are also evident at
Llewellwyn Glacier, but within the 1948 extent.

For the most part, over-deepenings inside the main moraine
crests are infilled with proglacial lake water. Taku and Norris glaciers
were the only two glaciers to reach the ocean and to calve directly into
a marine fjord. East and West Twin Glacier and Hole-in-the-Wall Glacier
drained into an ice-dammed lake, but the remaining piedmont glaciers
were land-terminating. Kettle lakes occur frequently within the pied-
mont glacier moraine crests. The remainder of the outlet glaciers (e.g.,
Field, Gilkey and Meade glaciers) remained constrained as land-
terminating valley glaciers at their most recent neoglacial maximum
(Figs. 3, 4, Supplementary Fig. 10). These glaciers terminated on land
and had a long, narrow, low-slope glacier snout. Again, as the glaciers
have receded from their most recent maximum position, proglacial
lakes have formed within the over-deepening, impeding observation of
younger recessional moraines.

Taku Glacier shrank by 6.4% (49.95 km?) but was slightly thinner at
the terminus during the LIA than today, potentially reflecting its dif-
ferent configuration and marine-terminating environment, compared
with the thicker, terrestrially terminating glacier present today>*.
Recent recession now sees the formation of lagoons at the ice margin
and the onset of a lacustrine or lagoonal terminus. At the LIA, Taku
Glacier was coalescent with Norris Glacier in Taku Inlet?, calving into
the fjord (Supplementary Fig. 11). It is likely that this marine-
terminating glacier had a long, low-slope, low-elevation snout, as is
typical for water-terminating glaciers. We suspect that the glacier was
grounded, given the shallow fjord, though this is not constrained.
Behind the terminus, we reconstruct an ice-dammed lake at 15m ele-
vation, following the clear break in slope between the forested
mountainside and the low-slope boggy valley floor, as originally
mapped by Lawrence, 1950%, This is in line with ice-contact fans
observed at Twin Glacier Lake moraines and at Wright Glacier terminus
further up-valley (Supplementary Fig. 10), which provide additional
geomorphological evidence for an ice-dammed lake at 15 m asl. How-
ever, little geomorphological evidence of shorelines is visible in the
ArcticDEM or satellite imagery. Reconstructing the lake following the
15 m contour generates a lake 95.84 km? in size.

Around the periphery of the main plateau, the LIA extent of valley
glaciers and mountain glaciers is generally well constrained by sub-
stantial and clear moraines, enclosing ice-scoured bedrock or fluted
glacial sedimentary surfaces. There are occasional recessional mor-
aines within these larger moraines. For some glaciers, such as Denver
Glacier, limited clear geomorphology visible on satellite imagery pre-
cluded reconstruction of the glacier extent, and so the 1948 extent is
used as the earliest data source.

Reconstructed geometric equilibrium line altitudes (ELA;4) ran-
ged from 1070 m (Taku Glacier, Lemon Creek Glacier) to 932m
(Mendenhall Glacier) and 1494 m (Llewellyn Glacier) (Supplementary
Fig. 10). In comparison, the average ELA for Lemon Creek Glacier from
1998-2019 was 1327 m asl®*. This represents an ELA lowering of
~150 m at Lemon Creek Glacier, relative to today>. Peripheral glaciers
to the east of the icefield had an ELA 5 higher than 1500 m, compared
with under 1250 m in the west (Supplementary Fig. 10).

Overall changes since the “Little Ice Age”

Between the AD 1770 and AD 2019 inventories, 108 glaciers dis-
appeared (Fig. 5), and only 70.53% of glacier area now remains relative
to the Neoglacial maximum. 100% of glaciers mapped in 2019 had
receded relative to their LIA position, with 47 new ice-contact pro-
glacial lakes developing as glacier termini receded. The largest areal
losses (52.5%) were from the Icefield’s outlet glaciers (which made up
64.25% of the area during the LIA). Of all the glacier area lost between
1770 and 2019 AD, 538.0 + 32.4 km? was from outlet glaciers. The main
outlet glacier termini all receded by -4 to 5km, shrinking by up to
69 km? (Supplementary Table 9).

The total cumulative ice loss from across Juneau Icefield is
315.3 +237.5km?; this equates to a loss of 24.25% of the ice volume
(from ref. 3) between the LIA maximum and 2020 AD. There has been
thinning of 150 m at the terminus of Field Glacier, 220 m on Ogive
Glacier, 150 m on Gilkey Glacier, and 200 m on Meade Glacier. Bacon
Glacier has thinned by 190 m, and Tulsequah by 180 m.

Accelerating change through the 20th and 21st Centuries

Most glaciers (91%) receded substantially from their LIA extent
between 1770 and 1948 AD (Fig. 5), during a period of warming
(Fig. 6a). Total glacier area shrank by 12.18% at a rate of 0.07% a
(3.70 km? a™). This was accompanied by a conservative estimate of
volume loss of 0.65+0.92 km® a™* (Fig. 6b-g). Between 1948 and 1979
AD, 342 (30.6%) glaciers advanced, and overall rates of glacier reces-
sion were slow (0.12% a™) (Fig. 6b-g; Table 1). This was likely caused by
an increase in snowfall relative to the period before 1948 (Supple-
mentary Table 2, Fig. 6f). Most advancing glaciers were either small
mountain glaciers or glacierets, likely reflecting their faster response
time. Despite these changes, a comparatively low rate of thinning
persisted, at an icefield-wide average of 0.11m a (Fig. 6¢). Rates of
recession before 1948 remain well below those experienced by most
outlet glaciers after the year 2005 (Supplementary Table 10).

Slower rates of area loss and thinning continued until 1979, fol-
lowed by an acceleration of ice loss during the latter 20th and start of
the 21st centuries (Table 1). Fewer (8.5%) glaciers advanced between
1990 and 2005 (n = 95). Rates of glacier area loss rose, reaching 0.18%
a’(8.33km?a™,1979-1990), and then sharply accelerated to 0.39% a™
(17.54 km? a™’, 1990-2005). From 1979-2000, icefield-wide volume
loss reached 3.7 +1.6 km® a™* (Fig. 6d), also indicating a sharp accel-
eration from the preceding periods, with a mean thinning of -0.48 m
a across all glaciers (Fig. 6¢). Glacier tongues thinned across the ice-
field (Fig. 7), with thinning reaching higher elevations up-glacier than
before (Fig. 7). Thinning reached elevations of 1380 m asl on Men-
denhall Glacier, 1490 m for Tulsequah Glacier, and the plateau at
1550 m for Meade Glacier.

This rate of ice loss continued into the 21st century. Between
2005-2015 AD, 99% of glaciers receded, and 10% of glaciers
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disappeared between 2005 and 2019 AD. From 2005 onwards, glacier ~ faster from 2015-2019 (Mean (M) =5.88, Standard Deviation (SD) =
areal loss accelerated sharply relative to previous time periods, 5.26) than from 2005-2015 (M =2.48, SD = 2.11), £(1097), p < 0.001.

reaching 0.60% a (25.36 km? a™, 2005-2015) and then 0.96% a™ Icefield outlet glaciers experienced severe volume loss after 2010
(38.47 km?a™, 2015-2019) (Fig. 6b-g). Rates of recession were L5 times  (Fig. 6¢, g; Table 2), with thinning across the icefield plateau at
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Lake

elevations of up to 1800 m asl (Fig. 7) and volume loss at a rate of
5.91+ 0.8 km®a™(2010-2020). The whole icefield loss equated to 5% of
the total volume reconstructed in 2017-18 by ref. 3 from 2010-2020.
Alongside this thinning we observe increased glacier fragmentation,
with both terminus separation and glacier disconnections (sensu
ref. 21), where glacier tributaries are detached from their accumulation
areas, occurring increasingly frequently (Fig. 6h, i).

Overall, rates of glacier areal recession rose slowly from
1948-2005, followed by a sharp acceleration in rates of glacier area
loss after 2005. Icefield-wide, rates of glacier area shrinkage were 7
times faster from 2015-2019 relative to 1948-1979, and 5 times faster
relative to 1979-1990 (Table 1, Fig. 6b-g). There are three distinct
periods in icefield volume loss, with relatively consistent rates from
LIA-1979, followed by a rise from 1979-2010, and a doubling of rates of
volume loss after 2010 (Fig. 6d). There has thus been a steep accel-
eration in the rate of ice mass loss across the icefield since the early
twenty-first century.

Snowline and Albedo change

This rapid glacier recession was accompanied by ELAs rising to the
plateau height in the period 2005-2020%* (Fig. 6i), and exceptionally
high snowlines on the plateau in 2018°® and 2019 (Figs. 5, 6k, Supple-
mentary Table 13; Supplementary Fig. 14). Late summer snowlines
mapped in 2019 from Sentinel-2 imagery (Figs. 5, 6k) had a mean
altitude of 1612 m asl (SD 162 m; n=178). Snowlines on Taku Glacier

were a mean altitude of 1445 m in 2019, compared with a measured
ELA in 2019 of 1528 m*. The snowline here is therefore well above the
southern plateau at 1200 m asl. No snow was observed in the Sentinel-2
imagery on Lemon Creek Glacier at the end of the ablation season in
2019, in line with the measured ELA of 2023 m that year®. Snowlines on
Meade, Llewellyn and Field Glacier had a mean elevation of 1671 m (SD
119 m), well above the height of the northern plateau at 1500 m asl
(Fig. 5). This icefield-wide trend has continued in subsequent years
(Fig. 6k, Supplementary Tables 13, 14 and Supplementary Figs. 13, 14).
These datasets show that, although snowline elevation was unusually
high in 2019, snowlines are reaching the plateau frequently, with both
snowlines and ELAs regularly occurring above the plateau height of
1200 m since 2005 and increasingly frequently in the last decade of the
study period.

Alongside this trend of rising snowlines, we also observe a
decrease in icefield wide average albedo (Fig. 6l, Supplementary
Tables 15-17). When clipped to the 1990 glacier outlines, and thus
taking into account terminus recession and icefield fragmentation as
well as the impact of darkening snow and ice surfaces, the mean albedo
from 1987-2009 was 0.81 + 0.03 (95% confidence interval). From 2010
t0 2023, this decreased to 0.67 + 0.03. The albedo of the plateau above
1500 m (compared with the Copernicus DEM) also decreased from
0.92+0.02 (1987-2009) to 0.78 + 0.04 (2010-2023). The months of
September and August in 2018 and 2019, which were characterised by
exceptionally high snowlines, likewise had exceptionally low icefield-
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“Advancing” is the number of glaciers with increased glacier area. Mean rate of glacier area change (km? a™) is shown with the 95% confidence interval. Summer temperature anomaly is compared with the 1986-2005 AD mean.

SD standard deviation.

wide mean albedos of 0.44 to 0.48, respectively (LCO8 sensor). In
contrast, the lower icefield average snowline in August 2021 (Supple-
mentary Table 16) is reflected with a higher albedo of 0.66 in the
LCOS8 sensor.

When comparing the time periods 1987-2009 and 2010-2023,
the icefield-wide albedo within the 2019 glacier outlines was lower
from 2010-2013 (mean=0.71, standard deviation=0.14) than from
1987-2009 (mean=0.84, standard deviation=0.08); t (90)=5.48,
p <0.05. This decrease is caused by more pixels with a lower albedo in
summer, especially on the plateau; here, a regression for average
albedo over time results in an r? value of 0.23 (p < 0.05). Many bright
pixels with high albedo however remain throughout the study period,
especially at higher altitudes on the plateau.

Icefield fragmentation

The recession and thinning of Juneau Icefield glaciers has resulted in
increasing icefield fragmentation. This includes the separation of gla-
cier tongues in the valleys, and disconnections higher up the glacier,
where bare rock appears within the glacier polygon as a result of
thinning, usually over thin, steep and heavily crevassed ice such as in
icefalls®. While 291 disconnections were first mapped in ref. 21, which
were frequently observed in association with icefalls, here we calculate
the timing of disconnection by comparing the mapped disconnections
with the new glacier outlines, and analyse the thinning occurring at the
site of the disconnections. The mean elevation of the disconnections
has remained relatively constant over time (Fig. 6i), with a total mean
elevation of 1299 m asl (1362 m in disconnections after 2005); this is
controlled by the location of steep ice around the rim of the plateau®.
This altitudinal range (1200-1400 m asl) was subjected to thinning in
the period 2010-2020 (Fig. 7). For example, in a subsidiary accumu-
lation basin on Gilkey Glacier, thinning of 1.4 m a™ is observed at a
height of 1340 m adjacent to a glacier disconnection. At Thiel Glacier,
thinning of 1.7 m a™' is observed at an altitude of 1034 m adjacent to the
site of a pre-2019 disconnection.

These disconnections are occurring at a uniform altitude and
slope through time (Fig. 6i) but are occurring more frequently after
2005 AD as glacier ELAs increasingly intersect this altitudinal range
(Fig. 6h; refs. 21,35) and thinning occurs at higher elevations (Fig. 7).
Glacier snowlines in 2019 AD were above the elevation of icefalls
around the rim of the plateau® (Fig. 5), resulting in net ablation at the
height of many of the icefalls. Glacier tongues down-stream of glacier
disconnections show increasing debris cover and thinning. For exam-
ple, thinning of up to 9 m a™ on Thiel Glacier tongue, with a glacier-
wide mean of -3.33 m a’, is far above the mean of 1.3 m a™ for outlet
glaciers (2010-2020, Fig. 6c).

Discussion

This Juneau Icefield-wide examination of glacier and climate change
over this 250-year time period reveals that rates of glacier recession
have sharply accelerated since 2005, relative to earlier time periods
(Fig. 6b, g). Observed rates of glacier volume and area loss are rapidly
accelerating, demonstrating a threshold response to a warming cli-
mate, a rising ELA and snowlines, and decreasing regional albedos, in
contrast to published modelling studies, which suggest a linear rate of
volume loss to 2040 AD and acceleration only after 2070 AD*". In
summary, temperatures rose by 1.39 °C at Juneau Airport (1941-2020,
Figs. 5 and 6f), with a shift occurring in the 1970s, in line with regional
observations across Alaska®. This is related to a shift to mainly positive
values in the Pacific Decadal Oscillation from 1976, bringing increased
precipitation and warmer temperatures to Alaska®® and to Juneau
(Supplementary Tables 1, 2; Supplementary Figs. 3, 4). Temperatures
were relatively stable from 1990-2005 (Fig. 6f). Icefield thinning and
area loss remained stable during this time period (Fig. 6b-d). From
2010-2020, there was another rise in temperature, and in ELA**>,
with the ELA and late-summer snowlines now intersecting with the
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Table 2 | Total volume change for Juneau Icefield, LIA to 2020 AD

Time period Volume Change

Mean glacier area-averaged dh/dt (m) £ 95% confidence interval®

AV (km*a™) Total volume Cumulative volume Allglaciers Glacierets  Mountain Valley Glaciers Outlet Glaciers
change (km?) change (km®) Glaciers

1770-2013°  -0.4+0.1 -95.26 +17.01
1770-1948  -0.7+0.9 -115.9+163.4 -115.9 -0.11£0.01 -0.12+0.03 -0.12+0.01 -0.11+0.03 -0.10+0.02
1650-1948 -0.4+0.6
1880-1948 -1.7+2.4
1948-1979  -1.0+0.7 -31.3+23.0 -147.2 -0.28+0.03 -0.17+0.06 -0.28+0.03 -0.44+0.09 -0.33+0.11
1979-2000 -3.7+1.6 -78.2+33.0 -225.4 -0.51+0.02 -0.37+0.05 -0.49+0.03 -0.73+0.07 -0.69+0.14
2000-2010 -3.1+1.0 -30.8+10.1 -256.2 -0.21+0.04 -0.10+0.07 -0.17+0.05 -0.50+0.09 -0.45+0.22
2010-2020 -5.9+0.8 -59.1+8.0 -315.3 -0.74+0.03 -0.58+0.05 -0.69+0.03 -1.10+0.09 -1.21£0.21

“Mean dh/dtis the glacier area-averaged thinning, averaged for all glaciers, provided with 95% confidence interval. Glaciers with no data coverage are excluded. The low spread in the data resultsina

small value for the uncertainty in the mean.

bChange from LIA (“Little Ice Age”) to 2013 is the difference between the reconstructed LIA ice surface (ablation areas only) and the Copernicus DEM, with an approximate date of 2013 AD. Note that

this is only for the area of the glacier ablation areas (shown in Fig. 2).

icefield plateau (Figs. 5, 6l; ref. 38), driving lower albedos and wide-
spread thinning across the plateau (Fig. 7), with a thinning rate 1.9
times higher than from 1979-2000, and a sharp and substantial
increase in rates of glacier recession. Glaciers receded 2.2 times faster
in 2015-2019 relative to 1990-2005, with an increase in mean summer
temperature anomaly of just 0.55°C (2015-2019, from NOAA data*,
Fig. 6f, j, I; Supplementary Tables 1, 2) relative to the 1986-2006 mean.

The critical driver of the accelerating glacier mass decline at
Juneau Icefield is that the rising ELA (mean 1437 m asl at Lemon Creek
Glacier, and 1188.5 m at Taku Glacier, with highs of 2023 and 1528 m
respectively, 2011-2020 AD*) and late summer snowline now inter-
sects the elevations of the icefield plateau (1200m to 1500 m)
(Figs. 5, 6i), driving thinning across the plateau (Fig. 8) and increased
glacier fragmentation at points of key vulnerabilities (i.e., at sites of
steep, heavily crevassed ice). This rising ELA drives a reduced accu-
mulation area ratio (cf. ref. 25). Icefield hypsometry then creates
conditions prone to a strong mass balance response to moderate cli-
mate forcing®*, because the low-slope icefield plateau is susceptible to
significant loss of accumulation area. In coming decades, this will drive
further decrease of the icefield’s accumulation area, and will continue
to drive accelerated glacier mass change.

We hypothesise that the dramatic reduction in icefield accumu-
lation area is decreasing overall icefield albedo. As snow cover duration
and extent is reduced (cf. Fig. 5), darker rock, firn and ice surfaces are
increasingly exposed, which absorb more solar radiation, enhancing
the ablation rate. This albedo feedback (cf.”*” and illustrated in Fig. 8)
is likely to then contribute to further icefield thinning. This effect is
compounded by deposition of black carbon® and dust*’, which is set
to increase in future, due to a rise in tourism and wildfires®.

Thinning on low-slope icefield plateaux, as observed in Fig. 7, is
likely to drive an elevation-SMB feedback by lowering the icefield
surface and driving increased melt in warmer air temperatures (due to
the lapse-rate induced rise in air temperature at lower elevations'®'")
(Fig. 8). This response is fundamentally unstable, as thinning drives
increasingly negative mass balances, even in the absence of further
climate forcing®. In some places across the Juneau plateau, the ice is
over 600 m thick® (Supplementary Fig. 2), so the ice-elevation feed-
back has a large range over which to operate. This topographic feed-
back can lead to an increased frequency of extreme negative mass
balance rates, especially when the climate data diverges from the
mean". Once initiated, long-term thinning is inevitable, because even
in the event of climate stabilisation, the mass balance-elevation feed-
back will inhibit glacier regrowth (cf."*), likely forming an irreversible
tipping point in glacier dynamics.

Thinning in vulnerable areas of thin, heavily crevassed ice such as
the icefalls that surround the plateau is encouraging icefield

fragmentation and disconnection of glacier accumulation and ablation
areas®*?"%>%, Bare rock appearing within the glacier boundaries indi-
cates reduced nourishment between the accumulation basin and gla-
cier outlet tongues and is likely to enhance melt through radiative
forcing, encouraging a positive melt feedback**. Disconnected gla-
ciers stagnate and downwaste once detached in this manner®’. Thin
debris accumulates on the ice surface, darkening the surface and
thereby enhancing melt. In some places, debris accumulates to the
point that the glacier becomes debris-covered (>50% of the tongue is
covered in thin debris*). Thicker debris cover on glacier ice encoura-
ges in situ down-wasting but slows rates of glacier area loss due to the
insulating impact of debris cover on surface melt®*. The proportion of
debris-covered glacier area to clean-ice glacier area will likely increase
as glacier shrinkage continues, increasing the relative importance of
debris cover. We hypothesise that increased bare rock exposure and
the loss of ice within and around glaciers will act to darken the region,
resulting in the observed reduced regional albedo, which may con-
tribute to further local warming. Finally, structural mapping across
Juneau Icefield indicates areas of weakness associated with steep
icefalls”. Their abundance indicates that further disconnections,
fragmentation, and downwasting are inevitable”. Further thinning will
drive the development of new icefalls across topographic steps, as the
ice surface becomes increasingly influenced by bed topography.
Increased glacier disconnection at icefalls and subsequent down-
wasting of remnant glacier tongues is therefore expected to become
more frequent in future decades, and will form a hysteresis behaviour,
whereby glacier regrowth is inhibited.

These processes may be exacerbated as further increases in
temperature alter the ratio between solid and liquid precipitation
across Juneau Icefield, reducing the amount of snowfall and decreasing
accumulation. Top-heavy icefield glaciers are predicted to experience
the most significant losses of glacier area over coming decades®, and
the accelerating trends observed in the recent past at Juneau Icefield
are likely to continue. The hypsometrically controlled melt-
accelerating feedbacks will contribute to a hysteresis in the system,
impeding glacier regrowth even in the event of climate cooling.

The acceleration in mass change observed at Juneau Icefield has
significant implications for understanding how other icefields may
behave in our warming world. Significantly, Alaska is not only a major
contributor to ongoing sea level rise, but also contains some of the
world’s largest plateau icefields (Fig. 1), which will also be susceptible
to rising ELAs and SMB and altitude feedbacks. Equilibrium line alti-
tudes are already approaching the plateau for Sargent Icefield and
Bagley Icefield. Substantial low-slope icefields are also present in
Canada (Devon Island Ice Cap®, Agassiz Ice Cap, Penny Ice Cap),
Greenland (Hans Tausen Iskappe®) and Norway (Svartisen,
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Fig. 5| Glacier area change for Juneau Icefield, LIA (“Little Ice Age”) to 2019 AD.
Number of glaciers in each time slice is shown in the legend in brackets. Late
summer snowline for 2019 AD is shown. Historical recorded glacier extents are
available for Eagle Glacier, Herbert Glacier, Mendenhall Glacier, Taku Glacier and
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Jostedalsbreen). Plateau ice masses are also important along the Ant-
arctic Peninsula and on James Ross Island. Glacier disconnections may
also be critical in bottom-heavy plateau icefields with substantial low-
lying outlet glaciers, such as Kluane, Yakutat, Brady and Bagley ice-
fields (cf.5; Fig. 1). Conversely, loss of low-lying ablation regions may in
some situations have a stabilising impact, because as the low-lying
high-ablation areas are lost, this could lead to less negative specific

mass balances', emphasising how these complex processes can be
icefield-specific. However, this stabilising influence will not offset the
pervasive effects of the SMB, albedo and altitude feedbacks if ELAs
reach the plateau.

By examining the observed centennial changes in an Alaskan
plateau icefield to climate, we show that glacier recession and volume
loss have accelerated dramatically in the last 20 years, with marked and
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Fig. 6 | Summary plots of climate and glacier area and volume change. Time
frames (x axes) are consistent in both columns to allow comparison of climate,
volume and area change through time. a Summer air temperature anomalies from
varved proglacial lake sediments in southern Alaska’®. Red line is the 5-year moving
average. Anomaly is computed for the year 1000-1998 AD. b Glacier area change
through time (% a™) for different types of glaciers. ¢ Glacier area-averaged thinning
through time (dh/dt) for different classes of glacier. The mean dh/dt (m a™) is
calculated for each glacier, and these values are then averaged for each glacier class
for each time period. 95% confidence interval is shown. d Total glacier volume
change, with uncertainties. Dashed lines show rates for an earlier and a later LIA
(“Little Ice Age”) maximum, respectively. e Boxplots of annualised rates of glacier
recession for all glaciers where data exist. Mean is shown as green triangle and
median as an orange line. f Temperature anomaly (scatter plot with 5 year moving
average, red line), compared with the 1986-2005 mean, from Juneau airport

weather station®* (see Fig. 5), and mean winter precipitation (bars) as measured at
Juneau airport meteorological station. g Glacier total summed area change (km?
a™), focused on the time period 1940-2020 AD. h Number of glacier disconnections
observed in each time slice. i Glacier equilibrium line altitudes from Lemon Creek
Glacier and Taku Glacier. Derived from the USGS Benchmark Glacier Programme®;
see also reference publications™*. Mean elevation of observed disconnections,
with error bars of one standard deviation, also shown. Dashed lines indicate the
plateau at 1200 m and 1500 m, respectively (refer to Fig. 5 for the mapped plateau
area). j Temperature and mean rate of glacier recession (km? a'; black) and glacier
thinning (dh/dt (m a™); red). k Boxplots of mapped snowlines, 2019-2023. Further
information in Supplementary Tables 13-14 and Supplementary Figs. 13 and 14.

1 Seasonal means each year for albedo for Juneau Icefield. Further data available in
Supplementary Tables 15-18. Source data are provided as a Source Data file.

accelerating thinning and recession, compared with the rest of the
twentieth century. This accelerated mass change is induced by a
number of hypsometrically controlled melt-accelerating feedbacks
that drive accelerated thinning and volume across the plateau. The
destabilising surface mass balance-elevation feedback, loss of accu-
mulation area, albedo feedback, and glacier disconnections associated
with plateau icefields are therefore already occurring here.

Alaska is the largest regional sea-level contributor from glaciers in
GlacierMIP°, with a linear decrease in glacier area and volume pre-
dicted to the year 2100 AD, with high uncertainty in rates of mass loss
for any given climate scenario, due to the high ice volume in this
region. However, once ELAs rise and thinning occurs on the plateau,
accelerated mass change occurs due to a series of feedbacks that
accelerate melt. Other large icefields and icecaps in Alaska (such as the
Harding, Bagley and Kluane icefields, Fig. 1) and the Arctic (e.g., Devon
Ice Cap, Agassiz Ice Cap, Penny Ice Cap, Hans Tausen Iskappe), which
also occur at low elevations and have similar low-slope plateau accu-
mulation areas, are likely to also display an accelerating rate of future
volume loss. Therefore, the outputs of existing large scale regional to
global glacier model projects and ensembles should be interpreted
with care, and we suggest that more historical data are integrated into
future simulations through data-model comparisons to ensure that
melt-accelerating behaviours are anticipated, evaluated, and accoun-
ted for. The results of this work could have large implications given the
important sea-level contributions of Alaska, Canada and Greenland’s
icefields and the important water resources provided by plateau ice-
fields in the Rocky Mountains (e.g., Columbia Icefield), which could all
be subject to similar processes as snowlines rise under ongoing climate
warming and these major icefields reach regional tipping points in
mass change and volume loss.

Methods

Baseline glacier outlines were derived from the Randolph Glacier
Inventory (RGI) v. 6.0°**”. We used glacial geomorphological mapping
(ref. 21 and reviewed in Supplementary Information Sections 3 and 5)
and historical records® to reconstruct LIA extent and then volume®®*’,
We then applied structure-from-motion algorithms in MicMac’*” to
20th Century archival aerial photographs (1948 and 1979 AD) as well as
topographic maps to reconstruct glacier area and surface elevation in
1948 and 1979 (see Supplementary Fig. 6 for data coverage). Satellite
imagery was also used in 1990, 2005, 2015 and 2019 to altogether yield
glacier outlines from 1770, 1948, 1979, 1990, 2005, 2015 and 2019 AD
(Supplementary Fig. 7), and original icefield surface DEMs at ~1770,
1948, and 1979 AD. We combined these with datasets of ice surface
elevation derived from structure-from-motion algorithms using ASTER
imagery from 2000, 2010 and 20207~

Remote sensing datasets
Glaciers in 2019 AD, glacial structures, glacial geomorphology and
lakes were used from ref. 21. These features were mapped in ESRI

ArcGIS (projection WGS 84, UTM zone 8N), using 10 m resolution
Sentinel-2 imagery (swath 290 km), and these data and methods are
published in full in ref. 21; methods and datasets are summarised here
for completeness. Late-summer satellite images with limited cloud
cover and snow on the glacier ablation regions were chosen. Landsat
imagery was used to map glacier extent in 2015 (Landsat 8), 2005
(Landsat 7 ETM+), 1990 (Landsat 4-5 MSS), and 1980-1982 (using a
combination of archival aerial photographs and Landsat 3 MSS ima-
gery where there was no coverage). Landsat imagery was acquired pre-
registered to Universal Transverse Mercator (UTM) World Geodetic
System 1984 ellipsoidal elevation (WGS84) zone 8 N projection. Image
resolution ranged from 4 m (aerial orthomosaics) to 10 m (Sentinel-2),
and 30-80 m (Landsat).

Stereo aerial photographs from the 1979 Alaska High Altitude
Photography (AHAP) survey were used to map glacier extent and
structures from 11th-12th August 1979, especially in areas where sig-
nificant glacier changes have occurred. This campaign acquired black
and white photography at 1:120,000 scale resolution. Cloud cover is
minimal and snow patches are limited in area and scope. These pho-
tographs were scanned by the USGS EROS Data Centre at 25 microns
(1200 dpi).

Aerial stereo photographs from the 1948 aerial photography
survey of Alaska were used to map glacier area. Photographs were
acquired on 13th August 1948. USGS topographic maps dating from
1948 were used to supplement the 1948 aerial photographs, where the
orthomosaic was poor, or where original aerial photographs were
unavailable on the USGS server (Supplementary Fig. 6). This was
mostly the case in Canada. Here, USGS maps (AKA-
tlin_360559_1960_250000) were used, where the topographic maps
were deemed sufficiently high in quality (see Supplementary Tables 3,
5), with a good correspondence between mapped lakes, rivers and
topography. Where topographic maps showed a low correspondence,
the 1979 AHAP mosaics were used, and, where these were also una-
vailable (in the eastern-most parts of the study area), Landsat imagery
was used (Supplementary Fig. 6). Overall, 66.6% of the glacier area was
mapped from the 1948 ortho mosaics, and 27.8% of glacier area was
mapped from topographic maps (Supplementary Table 3). This means
that the glacier extent in 1948 is the best available estimate given the
data availability. Annual rates of recession are calculated using the date
of the imagery or data source used to map glacier extent. The glacier
extent in 1948 is considered a minimum; use of later datasets results in
some glaciers being underestimated due to continued glacier
recession.

Topographic data were derived from the 2 m resolution Arctic-
DEM v3.0 release 77, except where tiles were missing, and ASTER
GDEM™, ALOS DEM” and novel DEMs derived from the aerial photo-
graphs using structure-from-motion methods. A derived composite
DEM is mostly ArcticDEM, with data gaps being filled with a void-filled
30 m resolution ASTERGDEM v2.07*. For this process, both DEMs were
projected in UTM Zone 8N, and clipped to the same extent. All
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illustrating the different processes contributing to the accelerating recession of
Juneau Icefield and at other low-slope icefields. See Supplementary Fig. SID for a
field photograph of the Vaughan Lewis Icefall and Gilkey Glacier.

ArcticDEM ‘nodata’ values were converted to 0. The ArcticDEM holes
were then filled with the ASTER GDEM data (filled output upsampled to
2 m cell size to match ArcticDEM) using raster calculator. Comparison
of the composite DEM with the original, unmodified GDEM raster yield
differences for individual pixels of up to 15 m, which is within GDEM
resolution. This likely stems from the resampling carried out as part of
the final raster calculation. Hillshade and slope models were derived
from the composite DEM mosaic to aid interpretation of glaciological
features.

For some glaciers, historical maps and surveys prior to 1948 are
available. Here, the maps provided in historical sources (e.g., ref. 28)
were scanned, georeferenced, and the termini digitised and included
in the available data. As only terminus positions are available, these are
provided as polylines at the glacier terminus, annotated with the year
(e.g., Fig. 2E, Supplementary Fig. 5).

Photogrammetry and generation of orthomosaics and DEMs

Aerial photographs from surveys flown in 1948 and 1979 are available
in Earth Explorer (USGS). They are scanned images, without any
geospatial data attached. The files are not georeferenced but the
database includes an approximate footprint for some images. The

surveys were undertaken in July-August 1948 and from a single flight in
August 1979, during a period of minimal snow and cloud cover. We
selected all available images from the Earth Explorer database (1446
from 1948 AD and 103 from 1979 AD) that intersected a polygon drawn
around our study region, along with images that had no footprints in
the database but were part of the same flight roll, and that were not
damaged, torn or had holes.

For 1979, we used the calibration reports provided by NASA along
with the fiducial markers to resample the images to a consistent size.
The 1948 images do not have calibration reports but do have fiducial
markers, so we used the average position of the fiducial marks to
resample the images. We then applied contrast limit adaptive histo-
gram equalization (CLAHE) to ensure the images had consistent
brightness. Using MicMac”, we found tiepoints and calculated the
relative camera orientations for each image and processed a relative
orthophoto and DEM, using camera coordinates rather than geo-
graphic coordinates. The 1948 images were processed in four separate
blocks due to the number of images involved. We then automatically
registered the resultant orthophotos to a Sentinel-2 image to find
ground control points. Elevation was determined using the Copernicus
30m DEM (https://spacedata.copernicus.eu/collections/copernicus-

Nature Communications | (2024)15:5099

14


https://spacedata.copernicus.eu/collections/copernicus-digital-elevation-model

Article

https://doi.org/10.1038/s41467-024-49269-y

digital-elevation-model). From these control points, we extracted the
DEMs for each of the four blocks in 1948 and in 1979, using MicMac.
For 1948 we co-registered to the Copernicus DEM and cropped the
edges of the DEM to deal with edge effects, before stitching the DEMs
together, using an established approach’. In post-processing, we
masked the errors (largely in the accumulation area) and these are
given as ‘no data’. Voids are filled using the local mean elevation
change method”’.

DEMs of difference were then produced for LIA-1948, 1948-1979,
1979-2000 AD. Volume change from 1979-2000 uses the STRM. DEMs
for volume change analysis from 2000-2020 are derived from ref. 72,
using ASTER imagery and ArcticDEM. DEMs were resampled prior to
differencing to the extent of a Copernicus DEM over the study domain,
which includes resampling to the 30 m pixel size of the Copernicus
DEM. This is undertaken using bilinear resampling. The 1948 and 1979
DEMs are therefore upsampled, as they are higher resolution than the
Copernicus DEM.

Glacier area determination and uncertainty

Initial ice divides and glacier outlines were downloaded from the
Randolph Glacier Inventory (RGI) version 6.0°“*’, which has a census
date of AD 20057%. This historical inventory is our baseline from which
recent changes are assessed. The RGI outlines were updated and
removed since some were incorrect; they were misclassified snow
cover or shadow, or inappropriately subdivided into glaciers. Some
glaciers were missing, or were incorrectly delineated, or had over-
lapping outlines with another glacier polygon. These errors are clear
when comparing outlines to the higher resolution, more recently
acquired satellite imagery. RGI 6.0 glacier outlines were therefore
manually edited to be consistent with Landsat 7 ETM+ imagery from
2005 (updated outlines published”, see Supplementary Table 6).
Glacier outlines were then manually edited in ArcGIS according to
observed changes around the glacier margin from the satellite ima-
gery, aerial photograph orthomosaics, 1948 USGS topographic maps,
both in the terminus and forefield, and at higher elevations, to reflect
glacier extent in 2019, 2015, 2005, 1990, 1979, and 1948 AD. RGlI IDs
were maintained for each glacier polygon. Where glaciers had sepa-
rated into separate polygons, the same RGI ID was used for both and
the glacier was treated as a multipart polygon in ESRI ArcGIS. The high
pixel resolution of the recent Sentinel-2 images and archival aerial
photographs allowed a more detailed glaciological analysis and smal-
ler minimum glacier and lake area for mapping than earlier inventories,
which relied on coarser-resolution Landsat imagery’. The minimum
glacier and lake size mappable was 0.001 km? The date for each glacier
is noted in the attribute information and is used to calculate annualised
rates of change. Glaciers were categorised as glacierets, mountain
glaciers, valley glaciers or outlet glaciers, following GLIMS guidelines”
and previous work?.,

To generate glacier outlines for the latest neoglacial maximum
(the LIA), the RGI v6.0 2005% outlines were manually edited to extend
to the crests of LIA-associated moraines, bare ice-scoured rock and
associated trimlines, using published geomorphological mapping?®
and published chronological and geological data®**>**%°8! which are
reviewed comprehensively in the Supplementary Information (e.g.,
Supplementary Fig. 5). The more subtle geomorphological evidence
included stripped bedrock at elevations beneath surrounding vege-
tated hillslopes, and locally-depressed treelines. Glacier moraines at
Herbert, Eagle and Twin Glacier Lake were ground truthed and field-
checked during fieldwork in July 2022. Published ages were gleaned
from the literature and included in the geodatabase. Radiocarbon ages
were recalibrated using CALIB®. Calibrated mean ages (20) are pre-
sented as ‘cal. ka BP". Morphostratigraphic principles®* were applied
to differentiate between the most recent, LIA Neoglacial moraines, and
older moraines deposited in the Younger Dryas or earlier Holocene
glaciations. In most cases, Holocene neoglaciations are likely to have

been within the limits of the LIA', which makes confusion of older ice
limits less likely. Where it was unclear which moraine related to the LIA,
the innermost was chosen, to provide a conservative estimate of LIA
area. Cross-checks were then performed against sites that have been
documented as dating from the LIA.

Uncertainty in glacier area was calculated following the methods
outlined by ref. 86. Eleven representative glaciers, across the spectrum
of glacier sizes and including typical examples of debris-covered and
clean-ice glaciers, were digitised seven times, with a minimum of one
day between each round of digitising (Supplementary Fig. 8). The
mean, standard deviation and 95% confidence interval was then cal-
culated for each glacier for each timeslice. There was a significant
correlation between glacier size and confidence interval (Supplemen-
tary Table 7). A regression through the data points provided an
equation that was used for size-class specific up-scaling to the full
dataset®***’. As a comparison, we also calculated the standard error
and standard error of the forecast for each timeslice. This gave a
similar, but smaller, estimate of the uncertainty, and so the confidence
interval, the more conservative estimate of uncertainty, was used.

Glacier recession, defined in terms of area change per annum (km?
a™) and proportional rates of area change (% a™), was calculated for
each glacier. Note that where we refer to terminus retreat (i.e., a glacier
length change) this is specifically stated. Annual rates of area change
were calculated by dividing area change (km?) by the time between
analyses for each glacier (time was taken from date of satellite or aerial
photograph image acquisition). This allows results to be compared
between different times and different glacier areas. For 1948 and 1979,
where the same imagery is used for a few glaciers in each timeslice due
to a lack of coverage, this means that rates of glacier recession are O
and are removed from our analysis. However, all glaciers are included
in the total summed areas given for each timeslice, and the total
summed rates of change. Rates of glacier recession for individual
glaciers (% a™ and km?* a™) are normally distributed. Mean rates are
presented with the 95% confidence interval.

Snowlines

The late summer snowline from 2019 AD was mapped from the cloud-
free Sentinel-2 imagery (Supplementary Table 6), using black and
white band 4 imagery (in line with structural mapping conducted in
ref. 21). These images, from 30th August to 7th September 2019,
provided clear, cloud-free coverage of the entire icefield. The short
timeframe between image acquisitions allowed temporal continuity
and clear visualization of icefield snowlines. Snowlines were identified
as a wavy, discontinuous boundary between bright white and duller
grey; the higher albedo snow reflecting a brighter white colour.

Glacier disconnections

Glacier disconnections, where the tongue of a glacier had become
separated from its accumulation area®>*>*%, were mapped across the
icefield published in ref. 21 without a date stamp. Individual dis-
connections were mapped that occurred prior to each timeslice. We
classified glacier tongues as ‘disconnected’ if they were associated with
one or more of these disconnections from the accumulation area. In
the case of disconnected glaciers, multipart polylines were used to
record glacier length along the same flowline. The timing of dis-
connection was calculated through comparison with the glacier area
outlines, and the slope and elevation of the disconnection calculated
through automated tools using tools within the GIS. Elevations were
derived from ASTER GDEM™*,

Surface albedo

We derived a stack of 299 Landsat 5-9 images in Google Earth Engine
for the years 1986-2023, limited to WRS path/row 57/19 and 58/19, for
all available scenes with less than 20% cloud cover on land (Supple-
mentary Table 15). Clouds were masked using a cloud cover filter using
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the USGS QA_Mask, removing any pixels identified as cloud by the
USGS algorithm. We calculated albedo for each pixel in the stack using
the albedo equation developed for Landsat 7°°° bands blue, red, and
infrared, and applied this across the TM, ETM+ and OLI sensors for
Landsats 5-9. We then calculated average albedo for every scene
within the icefield boundaries as of 1990, 2005 and 2019 AD (not
including the peripheral ice masses). This captured the plateau and
glacier tongues. Using the average albedos calculated within the 2019
outlines effectively analyses the darkening of snow and glacier ice only,
whereas using the 1990 outlines captures glacier recession and frag-
mentation in addition to darkening snow and ice. We also calculated
the average albedo in each scene for pixels above 1500 m in the
Copernicus DEM (-2013 AD), this capturing just the plateau. Observa-
tions were limited to at least 60% of the plateau being covered and not
masked out by cloud.

LIA volume reconstruction

Our LIA outlines were converted to lines with points along them at
intervals of 100 m, and those points were used to extract elevations
from the ALOS DEM”, which was selected for its seamless coverage. A
surface to represent the LIA glacier ice surface below the ELA was
interpolated between those points. Carrivick et al.***” have shown that
there is a negligible effect of which DEM (resolution and date) is used in
these types of analyses, because the points are preferentially located
from the high-resolution 2 m Arctic DEM” even if the elevation values
are extracted from a coarser resolution DEM. However, Carrivick
et al.®®* have also shown that there is an effect on volume loss cal-
culations of the choice of interpolation method and in this study, we
followed their advice using a Natural Neighbour interpolation.

Due to an absence of moraines and trimlines above the equili-
brium line altitude of glaciers, our mapping of a LIA glacier outline, our
LIA ice surface and our analysis of elevation changes and hence volume
loss only pertains to LIA ablation area. Following the method of Car-
rivick et al.®**°, LIA glacier ablation areas were produced by auto-
matically estimating glacier-specific equilibrium line altitudes (ELA;5)
using the Area-Altitude Balance Ratio (AABR) method”. The AABR
method was chosen to explicitly consider (spatially-distributed) gla-
cier hypsometry. The glacier-specific ELA; ;4 were subsequently
merged with our mapped moraine crests and trimlines to create a
single polygon for each glacier ablation area. We estimated the ELA s
using a BR of 1.88 for all glaciers as suggested to be typical of maritime
glaciers®. Published work shows that the choice of balance ratio has
little influence on glacier ELA”.

Volume change estimates presented in this study can only be
considered as a proxy for mass balance if it is assumed that glacier
surfaces above the ELA have not changed since the LIA. Thus, volume
change using the methods in this work should be considered as
minimum estimates because probably some mass loss has occurred
above the ELA ;5 as they have risen in elevation due to atmospheric
20th Century warming. That mass loss above the ELA; ;4 would likely be
via surface lowering, rather than areal contraction, and so we would
not detect it with our mapping.

Glacier volume change calculation

To determine volume changes (LIA-1948, 1948-1979, 1979-2000 AD),
we used the LIA, 1948 and 1979 glacier outlines, using the outlines that
correspond to the start date of the DEMs of difference for each time
period. For each glacier, the outline was divided into elevation bands
of either 50 m or, 10% of the glacier elevation range, whichever was
smaller. In effect, glaciers with an elevation range of greater than
500 m were divided into 50 m elevation bands. The mean elevation
change was calculated for each elevation band, removing outliers that
were more than 3 normalised median absolute deviations (NMAD)
away from the median of the band. We use the mean value for the
elevation band if there is 25% or more coverage by area within the

elevation band. If there is less than 25% coverage by area within the
elevation band, then we use the icefield-wide average for that
elevation band.

For each elevation band, this mean elevation change value was
multiplied by the area of the band, to calculate volume change, per
elevation band. Each band’s volume change was summed, and the sum
of this is the total volume change for each glacier. For glaciers with no
DEM coverage at all, we use the icefield-wide area-averaged thinning
rate to scale up the total volume change for the region. This amounts
to 44.6% of glacier area for LIA-1948, 16.8% for 1948-1979,4.4% for
1979-2000, and 0% for 2000-2020 (Supplementary Table 8).

The sum of the total volume change for each glacier was then
summed to calculate total volume change for each time period. Mean
dh/dt per glacier was calculated by dividing the mean elevation change
value by the time period. Mass change was not calculated. For LIA-
1948, where pixels showed a positive elevation change, this was
assumed to be erroneous, due to the substantial area change, these
pixels were masked out. The LIA-1948 elevation change will be a
minimum, because the LIA DEM only covers ablation areas.

We use the normalized median absolute deviation of off-glacier
pixels to estimate the uncertainty in the DEMs of difference. To esti-
mate the uncertainty in elevation change (o,,) introduced by inter-
polating elevation bands with no data, we adapt the approach utilised
in ref. 33 in Eq. (1):

04, = Nz(l _f)+ (M+Nz)f (1)

Where N, is the NMAD of off-glacier elevation differences calculated
between the two DEMs, f is the fraction of the glacier that required
interpolation, M is the standard deviation of all on-glacier pixels.

We estimate the total uncertainty in each glacier’s volume change
as the quadratic sum of the elevation change and the area parts (Eq. 2).

04,=\ (04:4)" + (exdh)’ @

Where A is the glacier area, o, is the uncertainty in glacier area (fol-
lowing the methods above), and dh is the area-averaged elevation
change on the glacier.

Uncertainty is higher in the LIA-1948 period due to the inter-
polation of the datasets over areas with no data. The LIA DEM is cal-
culated only over the icefield ablation areas, and the 1948 DEM is
likewise not available over Canada. This does not mean that the change
is insignificant, but we emphasise that the uncertainty is large because
of interpolation, not because of variability of the elevation differences.

Volume change, and uncertainty, from 2000-2010 and
2010-2020 AD was derived directly from ref. 72. Glacier outlines were
taken as the RGI v6.0, as explained in the original publication. Glacier-
averaged mean volume change and mean elevation change through
time (mean dh/dt) was calculated following the method above. Thus
they do not take into account area changes through this time period
and should be considered a minimum value.

Data availability

All data used in this work are available open access and source data are
provided with this paper. The glacier outlines, source data, and the
novel digital elevation models and orthomosaics from the LIA, 1948
and 1979 are available from Mendeley Data (Davies, Bethan (2024),
“Juneau Icefield 1770-2020”, Mendeley Data, V3, doi: 10.17632/
4djw8z3jrb.3;  https://data.mendeley.com/datasets/4djw8z3jrb/2)).
Source data are provided with this paper. The updated Juneau Icefield
glacier outlines are also available from GLIMS. Shapefiles of geomor-
phological mapping used in the neoglacial LIA reconstruction are
available from Davies et al. 2022 (ref. 21). Historical topographic maps
are available from the USGS map viewer (https://ngmdb.usgs.gov/
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topoview/viewer/#4/52.19/-123.71) as georeferenced GEOTIFFS. Aerial
photographs and Landsat and Sentinel satellite imagery are available
from USGS Earth Explorer (https://earthexplorer.usgs.gov/). SRTM
available from the USGS EROS archive (https://www.usgs.gov/centers/
eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-
topography-mission-srtm-1) and the 3” Viewfinder Panorama DEMs are
available from https://viewfinderpanoramas.org/dem3.html. ASTER
GDEM V3 available from the NASA Jet Propulsion Laboratory (https://
asterweb.jpl.nasa.gov/gdem.asp). DEMs of difference from
2000-2010 and 2010 2020 are available from Hugonnet et al 2021
(ref. 72). Source data are provided with this paper.

Code availability

The software used in this manuscript includes ESRI ArcGIS, QGIS,
MicMac and MatPlotLib, as well as standard MS Office programmes.
Information on installation, system requirements and instructions for
use are all available with these software packages. Information on
MicMac is available here: https://github.com/micmaclGN/micmac.
Code to derive albedo in Google Earth Engine (GEE account needed):
https://code.earthengine.google.com/?scriptPath=users%
2Frobertmcnabb%2Fjuneau%3Aalbedo.js
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Abstract

Most Chinook salmon (Oncorhynchus tshawytscha) in the northeast Pacific Ocean are
harvested in mixed-stock marine fisheries. Here, multiple populations with varying abundance
and productivities are encountered. In addition, many of these fisheries generally encounter both
mature and immature Chinook. Hence, these fisheries are better described as mixed-stock and
“mixed-maturation” (MM) fisheries. Harvest of immature fish can skew the age composition of
Chinook populations towards younger, and hence smaller, individuals. Older Chinook are
generally larger and contribute disproportionately to the productivity of their populations. We
developed an individual-based demographic-genetic model of ocean-type Chinook to evaluate
the effects of fisheries that harvest immature Chinook. We then compared those effects to
terminal fisheries that harvest only mature fish. Our model provides the ability to assess the
benefits of terminal Chinook fisheries to both landed catch and Chinook rebuilding. Recovered
populations show a more archetypal age- and sex-structure than contemporary ocean-type
Chinook subject to marine mixed-maturation fisheries. In our modeled scenarios of mixed-
maturation fisheries, we found that immature Chinook can comprise up to 59% of the total
numbers of fish caught, and 47% of the total weight of the catch. If instead, these Chinook were
not harvested until they mature and reach terminal fisheries, they would contribute greater
biomass to landed catches. These terminal fisheries allow a higher percentage of larger, older
Chinook to escape, and would increase the fecundity and productivities of their populations. The
benefits of terminal fisheries would accrue to fishers, sustainable wild harvesting, wildlife, and

the rebuilding of depleted Chinook runs.
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Introduction

A number of wild Pacific salmon species and populations have declined in adult body size over
recent decades. Such observations in Chinook salmon (O. tshawytscha) have been documented
since the 1920s. Chinook salmon have displayed marked declines in size-at-age and declines in
the proportion of older, larger individuals, particularly females, in many populations across their

range in the eastern Pacific and watersheds from the Pacific Northwest to Alaska [1-12].

A number of likely factors affecting salmon body size over this time have been identified,
including marine environmental conditions, interactions with large numbers of hatchery salmon
in marine waters [13-15], adverse genetic and ecological interactions with hatchery salmon, and
the direct and indirect effects of fisheries that impose selection [8, 9,16-20]. While there have
undoubtedly been major changes in the marine ecosystems of the northeastern Pacific in which
Chinook populations rear for the majority of their lives, and many of these changes are likely to
adversely affect the marine growth of Chinook, such processes do not rule out a significant role

for fisheries induced demographic change and/or selection (FIS) (e.g., [18, 21, 22]).

Of particular relevance to ocean-type Chinook salmon populations originating in British
Columbia (BC) and the southern US (Washington, Oregon and California, including the lower
and middle Columbia River) are coastal mixed-stock fisheries that occur in territorial waters (3

nautical miles) of provincial and state coasts and in the Pacific Coast EEZs of Canada and the
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US. These fisheries are managed pursuant to the Pacific Salmon Treaty (PST), and domestically
through the US Pacific Fisheries Management Council (PFMC) Salmon Plan and Canada’s
Integrated Fisheries Management Planning (IFMP) process. The majority of ocean-type
Chinook (also called Fall Chinook [23, 24]) from these populations migrate north as sub-
yearlings to rear inside of the continental shelf in the coastal marine waters of BC and Southeast
Alaska (SEAK) before attaining their maturation size and age and migrating back to their natal
rivers. These immature Chinook are subject to harvest in marine troll and net fisheries conducted
in SEAK and BC that are managed under the Aggregate Abundance-Based Management
(AABM) regime of the PST. Hence, these coastal mixed-stock fisheries are also “mixed-
maturation (MM) marine fisheries.” Fall Chinook bound for rivers in the southern US and BC
that escape the AABM fisheries are then subject to one or more state, tribal or provincial
fisheries managed pursuant to the PFMC or the [IFMP Salmon Plans. As a result of this life-
history and migratory pattern, immature ocean-type Chinook are vulnerable to capture in coastal

mixed-stock fisheries at similar rates as mature individuals.

Direct and indirect age overfishing

Harvest of large numbers of immature salmon, i.e., individuals captured one or more
years before they have completed their marine growth and become mature adults, results in
indirect age-overfishing and consequent growth-overfishing (lowered productivity and yield per
recruit). Indirect age- and/or size-overfishing is a distinct phenomenon from direct age-

overfishing.

Direct age-overfishing occurs when older, typically larger individuals are targeted by harvesters

through gear selectivity and/or fishing at times or in areas where older, larger fish are known to
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occur in numbers disproportionate to their abundance in the total harvestable population. This
directly reduces the proportion of older, larger fish in the remaining unharvested population,
especially the spawning population. This can also select for an earlier age at maturity either by
selecting on the growth rate or on the maturation size, or both. Indirect age- (and thus size-)
overfishing, by contrast, reduces the proportion and total abundance of older, larger adults in the
harvestable and the spawning population by removing individuals one or more years before they

are scheduled to mature when they are at smaller sizes.

Independent of ecological conditions in marine waters that may result in adverse growth
conditions, age- and growth-overfishing (direct or indirect) is a result of fishing mortality alone.
The effect of intensive and age- and size-selective harvesting on downsizing body size is well
documented in the fisheries literature [25-32], as life-history theory predicts that increased
mortality in older age and size classes generally favors earlier sexual maturation at smaller size
[27, 29, 33]. Indirect age over-fishing is less likely to occur in terminal (e.g., river) or near-
terminal (e.g., estuary) fisheries as all, or a majority of, Chinook present are returning mature
spawners, (although direct size over-fishing may still occur if the gear and/or the fishers
differentially select for larger fish [34]). Further, indirect age-overfishing is less likely than direct
age-overfishing to select for faster growth rates (and thus younger maturation age) because when
immature individuals are at sizes vulnerable to the fishing gear there is generally no benefit to

faster growth, as larger fish are likely to be equally or more vulnerable to fishing gear.

To date, the potential selective and demographic effects of age-overfishing in coastal mixed-
maturation Chinook fisheries have not been closely analyzed, though the potential for adverse
selective and/or demographic consequences has been acknowledged [2, 8, 18, 25, 35]. We

hypothesize that (indirect) age-overfishing in mixed maturation (MM) fisheries results in
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changes in the demographics of affected Chinook populations, selecting for younger age-at-
maturity as a result of the reduction in fitness of immature Chinook genetically programmed to
mature at older ages. That is, genes that select for older ages at maturity are reduced in frequency
in the population as immature individuals are removed from the population. As a result of
adverse impacts on the fitness of older, larger Chinook, indirect age overfishing shifts the age
structure of the spawning population toward a younger mean age, with resultant reductions in
mean body size, thereby reducing catch biomass and the productivity of the spawning
population. Reductions in the proportion and size of older females in particular are likely to have
adverse consequences for population productivity, as fecundity is related to the length of female
Chinook salmon [6, 12, 36], as well as having adverse impacts on the value of the landed catch
(e.g. [37]). If correct, MM fisheries in general are likely to have adverse impacts on the
productivity and resilience of extant Chinook populations in comparison to terminal/near-
terminal fisheries. This affects the potential for recovery of depressed Chinook populations in
BC and the Southern US. In addition, such loss of productivity and resilience is likely to inhibit
future returns of harvestable Chinook populations to terminal and near-terminal areas that may
provide long-term, sustainable fisheries that support small-scale local fishing economies and

communities.

To investigate the potential of MM fisheries to effect harvest-induced change, we developed an
individual-based demographic-genetic model [21, 38, 39] based on the life-history of ocean-type
Chinook. We then applied the model to evaluate MM harvest of immature and maturing
individuals relative to a terminal fishery harvesting only mature adults. An individual-based
model simulates demographic and selected genetic processes of each individual in the

population, and is thus capable of considering individual variation in demographic and relevant
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genetic characteristics within size- and/or age-classes. This approach is particularly valuable for
addressing issues related to fisheries induced demographic change and selection. To facilitate
informative modeling of different fishing gears— particularly troll and gill net fisheries — we

parameterized our model based on fork length.

Our primary focus is on the demographic effects of the various harvest regimes. In particular, we
are interested in changes in the age-and size-structure of the population due to the effects of
harvest mortality on the fitness of the phenotypes produced by the suite of available genotypes
that control daily growth rates and maturation lengths. To provide a clear focus on the
contrasting effects of MM and terminal fisheries, we conduct our harvest simulation on a single
population. Hence, we do not address the additional issues that surround the effects of harvest in

mixed stock marine fisheries.

We first describe the basic features of the model and then report on the results of six harvest
simulation scenarios, ranging from typical coastal MM Chinook fisheries to terminal fisheries.
We evaluate harvest impacts on size- and-age- of maturity of males and females, the proportions
of sex and age class in the annual adult return, the proportions of sex and age class on the
spawning grounds, and how this relates to reproductive potential. We refer to the model as an
“individual-based Chinook demographic-genetic model (IBCDM) for length-based ocean-type

life-history”.

Methods

Development of the Individual-based Chinook Demographic-genetic

Model (IBCDM)
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General model features

Our model was derived in large part from the IBSEM model of [39] and parameterized to reflect
the life-history of ocean-type Chinook salmon. Juvenile ocean-type Chinook become smolts as
sub-yearlings, migrating seaward within several weeks or months of emerging from the
spawning gravel [23, 24, 40]. We also incorporated some of the model approaches developed by
[41] to evaluate fisheries selectivity of an in-river gillnet fishery for Yukon River Chinook. The
model was written in C++. For brevity, in the rest of this paper we refer to our model either as

IBCDM or simply as “the model”.

Our focus is on comparing mixed-maturation (MM) marine and terminal fisheries and not on
mixed-stock fisheries, per se. We therefore model a single population with an ocean-type life-
history and a size- and age-structure likely to be representative of a 19" century population prior
to the development of intensive coastal mixed-stock and MM fisheries. Most importantly, the
model population contains a higher proportion of older individuals (ages 5 and 6) than the
majority of ocean-type Chinook populations in the latter half of the 20™ century and the first 2
decades of the 215 century. The model population is based on a combination of data for ocean-
type Chinook salmon from the Fraser River (BC) from the mid-1960s [42] and the Hanford
Reach Upriver Bright population in the middle Columbia River provided by [43], who analyzed
several data sources between 1920 and 1990. This data was used to build a model we believe is
generally representative of an ocean-type Chinook population that may have existed prior to
modern fisheries occurring in the Columbia River mainstem, Georgia Strait and the lower Fraser
River by the 1920s [3, 23]. Consequently, similar to [41], our model population is best viewed as

representing a generic historical ocean-type Chinook population. The model has the flexibility to
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be parameterized with stock-specific data when that is of interest. For the objectives of this

paper, the generic model is appropriate.

The model population consists of the following stages: eggs, parr (post-emergent fry), smolts,
and post-smolts of ages 1 to 6 (Supplementary File S2, Table A). Males and females are modeled
separately. Males mature between the ages of 2 (ocean age 1) and the maximum age of 6 (ocean
age 5); females between the ages of 3 (ocean age 2) and 6 (ocean age 5). Spawning is modeled as
occurring on November 1 of each model year, and fry (called “parr”) are modeled as emerging
from the gravel and completing yolk absorption on May 1 of the following calendar year. All

parr are assumed to have a common size (weight and fork length) at the time of emergence.

Genetics control the probability of maturing at an adult size within length intervals reflective of
the growth trajectories of the majority of males and females at each possible age of maturity.
Size at maturity is greater than 350 millimeters (mm) fork length (FL) for males and greater than
520 mm for females. Genetic control is parameterized following the approach of [39] and [44].
The general features are described in the Genetics section below. Additional details are given in

Supplementary File S1.

Both growth and survival are modeled from the parr stage forward. Ricker-type density
dependence is included and applies to survival of newly emerged parr from May 1 to smolt at
July 1 (60 days) at which time smolts migrate to marine waters. Growth and density-independent
survival of smolts is calculated to November 1 of the year of migration (123 days) at which time
smolts are referred to as “age 17, the age they will attain if they survive to their next birthday on
May 1 of the following calendar year. Growth and survival from the smolt stage forward is

modeled using the joint growth-and-mortality model of McGurk [45]. Parr are assumed to grow
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in accordance with the growth rate component of the McGurk model but survival to the smolt
stage is subject to the size-independent Ricker density-dependent survival equation. From age-1
forward growth, survival, potential harvest and maturation occur at annual time steps. Harvest
occurs immediately prior to adult spawning. Ricker-type juvenile density dependence, and
growth and post-smolt density independent survival are described in Supplement File S1, A4.
We parameterized the model so that it results in an adult population with a Ricker spawner
recruit relationship with an alpha value of 5.24, a beta value of 604, and a deterministic
equilibrium adult population size of 1000 (Supplementary File S2, Table K). Fig 1 shows the
general life cycle of the population. The model life-stages and related parameters and values are

shown in Supplementary File S2 (Tables A, B, and C).

Fig 1. Generalized life history of ocean-type Chinook salmon.

Model logic

The model is initialized as a colonization process by a spawning population of 508 males ages 2
to 6, and 492 females ages 3 to 6. The proportions of ages in each sex are chosen to achieve a
target adult equilibrium population of approximately 1000 individuals, a sex ratio of
approximately 1:1 and target age/sex proportions. Since the model is length- and not age-based,
we refer to the initial spawning population by length-intervals associated with the dominant
maturation age within each interval (abbreviated L2, L3, etc.), as shown below in Fig 2. At
initialization these can be thought of as equal to the mean fork length in millimeters of the

maturation age of each sex, listed in Table 1 and Supplementary File S2, Table C.
10
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220  Table 1. Mean age-specific lengths and weights (standard deviation) of the ocean-type

221  Chinook model population pre 20t century.

Age 2 Age 3 Age 4 Age 5 Age 6
Mean Fork Length, | 450 (18) 650 (26) 850 950 (37.4) | 1050
mm (inches) (33.5) (41.3)
Mean Weight, grams | 1020 (2.25) | 3283 (7.24) | 7712 10984 15094
(Ibs.) (17.0) (24.2) (33.3)
222
223

224 Fig 2. Maturation lengths in mm at ages 2 to 6 from 10000 simulated random values drawn
225  from each of the five possible bivariate-normal distributions of daily growth rates and

226  maturation lengths. age groups L2 to L6 from left to right.

227

228  Due to random growth of individuals and size-dependent density independent post-smolt

229  mortality (described in Supplement File S1, and Post-smolt growth and survival below), the
230  unfished equilibrium abundance will vary around the target of 500 male and 500 female

231  spawners, but will rarely be exactly these values. We evaluated the time it takes to attain a

232 stochastic equilibrium by running the model without harvest for 1000 time-steps (years) and
233  examining the distributions of spawner sexes and ages at several 25-year (approximately 6

234  generation) intervals and at the final year of each 25-year period. We determined that the model
235  achieves its stochastic equilibrium by year 100. Data for a 1000-year non-harvest simulation is

236  provided in Supplement File S4.
11
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In the simulations reported below, we run the model for 100 years without harvest, allowing the
population to achieve a stochastic equilibrium following the initial colonization. We then run the
selected harvest scenarios for 25 years, followed by 25 years of no harvest. We chose 25 years
for the harvest period as a reasonable length of time for harvest to impact the demographics of
the population in a time frame relevant to short-term management interests, but short enough that
fisheries-induced evolution is not likely to occur. Similarly, we chose 25 years for the post-
harvest evaluation period as a time frame relevant to a management evaluation of the ability of
the harvested population to respond demographically to the cessation of harvest, assuming that
no fishery- induced selection occurs during the harvest period. This provides a realistic measure
of the demographic impact of the 25-year harvest regime on the population and the population’s

ability to recover from those impacts.

Genetics

Individuals are diploid. Daily growth rate and maturation size (weight) is defined by a single set
of 20 genes. Length is determined from weight following an allometric length-weight equation
(L = aW"). For computational efficiency sex is randomly assigned at the smolt stage with an

equal (mean) sex ratio. Individuals inherit a maternal and a paternal allele at each locus.

We follow [39] in employing an additive quantitative genetics model. The genotypic effect
(breeding value) is determined using a simple additive model with exponentially declining
weights, such that there are a small number of genes (loci) which have relatively large effect on
daily growth rate and size-at-maturity, and the remaining genes having exponentially smaller

influence as shown in Supplement File S1, Table A and Fig A.

12


https://doi.org/10.1101/2024.04.25.591098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591098; this version posted April 28, 2024. The copyright holder for this preprint (which

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Maturation age and size (weight, WMat) are determined by quantitative genetic parameters
controlling the daily growth rate in weight and the weight- (and hence length-) at-maturity
assigned to offspring. Maturation is determined by the “total allelic (genotypic) value” measured
across the 20 bi-allelic (0, 1) loci, which is equal to the individual’s breeding value. Each
fertilized egg inherits one allele (0 or 1) with equal probability from each parent at each of the 20
loci, by successively choosing at random one parental allele from each locus using a uniform
distribution on [0,1]. Following [39] the “allelic value” of each locus is determined by
multiplying the genotypic value of each locus (0, 0.5, or 1) by a locus-specific weight. The
weights decline exponentially from a maximum value at locus 1 to a minimum at locus 20.
(Supplement File S1, Table A and Fig A.) The sum of all weighted allelic values (the sum of “1”
alleles weighted by the locus-specific weight of influence, [46]) constitutes the “total allelic
value” of an individual’s genotype. Following [39], we name this total genetic value sPhi (S?).
The values of S? range from a minimum of 0 (when all 20 loci are homozygous for the “0”

allele) to a maximum of 1 (when all 20 loci are homozygous for the “1” allele).

Each S¢ value within a specified range (e.g., >0.2 and <=0.4) then determines the probability of
an individual maturing at one of three length intervals by virtue of inheriting a daily growth rate
(GR) in weight (g/g body weight) and a target maturation weight (WMat) and length (LMat)
from a bivariate normal distribution with mean growth rate (GRx) and mean maturation weight
(WxMat). Maturation weight is then converted to maturation length (LxMat) via the
deterministic allometric length-weight equation (Supplemental File S2, equation 1.2). LxMat is
equal to the maturation length that an individual with mean growth rate GRx would attain at age
x, for x = 2 to 6 for males and 3 to 6 for females. Thus, we model the genetic determination of

the mean GR and WMat values assigned to offspring as canalized as an evolutionary response to

13
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the environmental variability experienced by the founder population during its evolutionary
history. This constitutes a form of “diversification bet-hedging” against unpredictable
environmental variability that can fundamentally affect the fitness of different maturation ages

[47-51].

Additionally, when desired, phenotypic plasticity in growth rate and target maturation weight
and length can be allowed to occur based on stochasticity in individual daily growth and annual
survival rates that may be experienced in the post-smolt marine environment. This feature is
described in the Supplement File S1, Incorporating environmental stochasticity in

maturation weight and length.

After mating and spawning occur, parr emerge, undergo density-dependent survival to the smolt
stage and sex is assigned to each smolt, daily growth rate, maturation weight, and length is
determined according to each individual’s total allelic value as described above and in

Supplement File S1, Section A2.

Spawning and mating

The mean fecundity of a female (mf) is determined by its fork length [36] based on the Pearson
equation used by [41]. The actual number of eggs is determined from a normal distribution with
mean mf and a standard deviation (mfsd) chosen to achieve an appropriate random variation in

fecundity at each female age.

Mating is modeled as size-selective following the approach of [41]. Each female spawner is

chosen at random, then a male is chosen at random. whether or not the male “proposes” to the

14
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female is determined based on the relative (fork) lengths of each individual. If the female
“accepts” the male’s proposal mating occurs and each of the females’ eggs receives one allele
from each parent at each of the 20 loci that determine the offspring’s probability of maturing
within a specific length-interval Once mating occurs, the female is removed from the class of
potential mates and placed in the spawner population. Males remain in the candidate pool and
may mate with one or more other females. The equations for fecundity and mate choice are
described in Supplement File S1, Section Al and parameter values are listed in Supplementary

File S2, Tables H and 1.

Egg development and parr emergence

All fertilized eggs are assumed to be the same size and survive to become parr (post-emergent
fry) on May 1 according to a random binomial survival probability, segg. Surviving parr are
assigned a common fork length of 37 mm and weight of 0.3545 grams. The value of segg is

listed in Supplementary File S2, Table J.

Parr-to-smolt growth and survival

Parr survive to become smolts on July 1 according to a Ricker density-dependent function and
grow according to the growth component of the McGurk equation, as described in the following
section and Supplementary File S1, AS. Parameter values are given in Supplementary File S2,

Tables K and L.
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Post-smolt growth and survival

Smolts and sub-adults up to the age/length of maturity grow and survive according to the
McGurk integrated growth-and-survival model [45]. The equations of the McGurk model are
derived from the allometries of growth and mortality. The growth coefficient is the value of GR
assigned on the basis of the individual’s maturation genotype (S®) that determines which
bivariate normal distribution of growth rate (GR) and target maturation length (LMat) the
individual inherits (described in Supplement Files S1, Logic and governing equations for
genetic assignment of growth and length). Details of the McGurk model are provided in

Supplementary File S1, AS, and parameter values are listed in Supplementary File S2, Table L.

Daily growth rates and maturation lengths are assigned such that individuals genetically
programmed to mature at smaller sizes and younger ages have higher growth rates than
individuals programmed to mature at longer lengths (and greater weights) and generally older
ages. This is expected for most semelparous anadromous salmon [24, 57]. Analysis of 1000
simulated values of each of the five GR/WMat BVNs demonstrate that the parameterization of
these distributions produce the expected negative correlation between maturation age and length

on the one hand and daily growth rate on the other (Table 2).

Table 2. Correlation coefficients between maturation length-at-age and daily growth rate of
each mature age class and of the entire set of age classes combined from 1000 simulated

values of GR and LMat for each age-/length-at-maturation class (L2 to L6).

Age-/length class: | Corr(Lmat, GR):

All -0.901
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L2 0.899
L3 0.902
L4 0.894
L5 0.906
L6 0.907

343

344  The McGurk integrated growth and mortality model generates stage-to-stage survival rates that
345  incorporate the effects of both size and rate of growth between life-history stages. The

346  integration of the two effects quantifies the trade-off between 1) reducing future predation risk
347 by rapid growth in the near term in order to obtain a larger size and 2) increasing the mortality
348  risk in the short run due to faster growth that increases predation risk and possible metabolic
349  risks due to reduced tissue maintenance. All else being equal, individuals of a given size that
350  grow relatively fast incur greater mortality rates than same size individuals that grow slower;
351 and, conversely, individuals of small size foraging at a given rate incur greater mortality rates

352 than larger individuals that forage at the same rate in the same or similar environment.

353

354  Harvest, maturation and spawning

355  Harvest is modeled to occur annually immediately prior to spawning November 1. Harvest of
356  each vulnerable individual is modeled randomly based on a global exploitation rate (hg) that
357 applies equally to all vulnerable individuals. The global exploitation rate may be modified for
358  each of 5 contiguous length intervals of mature individuals and each of 4 contiguous length

359 intervals of immature individuals. The intervals may be chosen to correspond to the range of

17
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360 lengths of the majority of each age at maturity (2 to 6) and each age of immature individuals (2
361  to5), or be otherwise chosen for length intervals for which different harvest rates are applied.
362  For each interval, the target harvest rate is determined by multiplying the global exploitation rate
363 by auser-chosen length-interval state variable v between 0 and 1 to yield the actual harvest rate
364  ha (= hg*v) to which individuals in the specific length-intervals are vulnerable. This provides the
365 flexibility to model harvest scenarios with different length interval and maturation status-specific
366  harvest vulnerabilities, which in turn allows modeling of different harvest management regimes
367 and gear selectivity. Specifically, terminal fishery scenarios are modeled only on mature adults,
368  with harvest vulnerabilities of immatures of all length intervals set equal to 0. Mixed-maturation
369 fishery scenarios can explore a range of vulnerabilities of both mature and immature individuals,
370  including minimum length thresholds and drop-off and non-retention mortalities of sub-legal size

371 matures and immatures.

372  Mature individuals that survive harvest move to the mating/spawning population at the end of
373  each annual time-step. Unharvested immatures undergo growth and survival to the next time

374  step.

375

376  Model initialization

377  The unfished equilibrium population

378  The model is initialized with a mix of mature individuals of various ages and sexes in their target
379  equilibrium proportions, numbering 1000 in total. For both sexes, the mean lengths of each age

380  are shown in Table 1. These initial abundances and the proportions of both sexes combined are

18
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listed in Supplementary File S2 (B.6, Tables O, P, and Q). Individuals in each age-/length- class
are initialized with distinct age-/length-specific mean alleles frequencies at the 20 loci

controlling the maturation probabilities. Supplementary File S3 provides additional information.

Heritability of maturation age and length

Heritabilities for life-history traits are known to be smaller than heritabilities for morphological
and behavioral traits [16, 58, 59]. This is consistent with the expectation that selection should
deplete standing genetic variation in fitness [60, 61]. It is also expected from the bet-hedging
parameterization of the genetic control of daily growth rates and size at maturity. We estimated
heritabilities of smolts and recruited adult spawners of the same cohort for length- and age-at-
maturation, and daily growth rate (GR). Estimates were made separately for each sex and for
both sexes combined using mid-parent/offspring regression. Heritabilities were reasonably low,

ranging from 0.07 to 0.20 (Supplementary File S2, Table R).

Harvest scenarios

The model provides for the ability to model harvest with either a minimum threshold length
limit, as appropriate to a troll fishery, or a fishery with both a lower and an upper size limit, as
may occur in a gillnet fishery. To provide a robust evaluation of the impact to Chinook
demographics from both troll and gillnet harvest in terminal and mixed-maturation fisheries, we
evaluate 6 harvest scenarios that explore the main features of these 2 kinds of harvest regimes.
All scenarios were run with the same seed for the random number generator and initiated with

100 years of no harvest (pre-fishery scenario), to attain the adult equilibrium spawner abundance

19
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and age/sex composition. This was followed by 25 years of harvest with a constant global
harvest rate, hg, and a set of vulnerabilities to the global rate, v, of matures and immatures in
each maturation length interval ranging from v = 0 for completely invulnerable to v = 1.0 for
fully vulnerable. This yielded one or more length-interval and maturation-state-specific harvest
rates ha (=hg*v). Catch of individuals vulnerable to harvest was modeled in all scenarios by
drawing a uniform random number, u, on [0, 1] and considering an individual caught if u is less

than or equal the value of ha to which the individual is vulnerable.

The 6 scenarios consist of 3 basic troll fishery scenarios (H1, H3, and HS5) and 3 similar basic
gillnet fishery scenarios (H2, H4, and H6). The 3 types of fisheries modeled for both troll and
gillnet scenarios are, in order: 1) a terminal fishery harvesting matures at a global harvest rate
(hg) that achieves maximum sustained yield in the total weight of the catch (scenarios H1 and
H2); 2) a mixed maturation fishery harvesting immature and mature Chinook at a global harvest
rate (hg) that achieves maximum sustained yield in the total weight of the catch (scenarios H3
and H4); and, 3) a terminal fishery harvesting matures at a global harvest rate that approximates
the total weight of the MSY catch of the corresponding MM scenario (scenarios H5 and H6). We
refer to this latter harvest rate and corresponding harvest scenario as the “mixed-maturation-
MSY -catch-weight-equivalent (MMCWE)”. For scenarios H1 to H4, the approximate global
MSY harvest rate (hg) was estimated by trial-and-error by running each 150-year simulation
with the global harvest rate (applied in years 101 to 125) set to several different values over
intervals of 0.05 (e.g., 0.60, 0.65, 0.70) and choosing as the global MSY harvest rate (Hmsy) the
value of hg that generated the largest total weight of the catch. In the case of scenarios H5 (troll

MMCWE) and H6 (gillnet MMCWE), the global harvest rate was further refined at intervals less

20


https://doi.org/10.1101/2024.04.25.591098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591098; this version posted April 28, 2024. The copyright holder for this preprint (which

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

than 0.05 as necessary to achieve a close approximation to the corresponding MM scenario total

catch weight.

Scenarios H1 to H6 were first run with no post-smolt environmental variation, simulating the
average environmental conditions affecting density-independent growth and survival. We then
ran each scenario with environmental variation affecting daily growth rates and annual survival
rates. Details are described in Supplementary File S1, A7 and A8. Parameter values are

described in Supplementary File S2, BS.

The features of each of the 6 scenarios are listed in Table 3. For terminal fishery scenarios,
vulnerabilities (v) of all immatures were set equal to 0, and all matures were  set to 1.0. For
mixed-maturation fishery scenarios, v of all matures and immatures were set equal to 1.0. We

provide further details in the Discussion.

Table 3. Harvest scenarios H1 through H6 with their global harvest rates and
vulnerabilities of immature fish. hg is the global harvest rate; v is the length range-specific
modifier of the global harvest rate applied to immature and mature fish. The actual

harvest rate for individuals in length ranges for which v is less than 1.0, ha, is equal to

hg*v.

Scenario | Type Gear hg Immature Vulnerability
Type )

H1 Terminal MSY Troll 0.65 0.0
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H2 Terminal MSY Gillnet 0.70 0.0
H3 Mixed-maturation Troll 0.45 1.0
MSY
H4 Mixed-maturation MSY | Gillnet 0.50 1.0
H5 Terminal MMCWE Troll 0.42 0.0
5
H6 Terminal MMCWE Gillnet 0.44 0.0

442  Global harvest rates (hg) in scenarios 1, 2, 3, and 4 are estimates of the MSY harvest rate. Global
443  harvest rates in scenarios 5 and 6 are estimates of the harvest rate in terminal fisheries that

444  produce approximately the same total catch weight (mixed-maturation-MSY -catch-weight-

445  equivalent/ MMCWE) as the corresponding mixed-stock MSY fishery (scenarios H3 and H4,

446  respectively).
447

448  Since we model harvest as occurring immediately before unharvested fish spawn, annual natural
449  mortality during the final year of life of mature fish implicitly includes natural mortality incurred
450  during spawning migration that occurs after passing the fishery. We consider this to be a

451  reasonable simplification and discuss it further in the Discussion.

452

453  Fishery scenario H1. Terminal MSY troll fishery harvest on mature adults

454  Harvest scenario H1 simulates a terminal fishery harvesting mature adults equal to or greater

455  than 610 mm (~24 inches) fork length at a global harvest rate (hg) that achieves maximum
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sustainable yield (MSY) in total weight of the catch. This excluded harvest of most age 2 mature
males (mean fork length 450 mm (Table 1, Fig 2) plus 3 standard deviations for CV length =
0.09*mean: 572 mm. This established a baseline against which to compare MM fishery scenarios

involving harvest of mature and immature Chinook.

We chose 24 inches (610 mm) as the minimum fork length, as this is the size limit for the tribal
treaty troll fishery off the northwest Washington Coast [63]. We feel it provides a reasonable,
and likely conservative, estimate of the minimum fork length of Chinook vulnerable to capture
by troll gear in the early years of mixed stock coastal troll fisheries to which our model

population would have been vulnerable.

Fishery scenario H2. Terminal MSY gillnet fishery harvest on mature adults

Harvest scenario H2 is the gillnet counterpart to scenario H1. H2 simulates a terminal fishery
harvesting mature adults at the global harvest rate (hg) within the length interval [783 mm, 1158
mm], and at ha = 0.1* hg at lengths below 783 mm and ha = 0.4* hg at lengths above 1158 mm.
The MSY harvest rate is estimated by trial and error by simulating the harvest scenario at several
different values of hg at intervals of 0.05, starting at 0.60 as for scenario H1. For further details,
see the section parameterization of gillnet scenarios below and Supplementary Files S1, A9,

and S2, BS.

Fishery scenario H3. Mixed maturation MSY troll fishery

23


https://doi.org/10.1101/2024.04.25.591098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591098; this version posted April 28, 2024. The copyright holder for this preprint (which

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Harvest scenario H3 simulates a mixed maturation troll fishery on mature and immature Chinook
with a minimum fork length of 610 mm (vulnerability of age 3 and older = 1.0). Individuals aged
3 to 6 of both sexes greater than 610 mm FL were fully vulnerable to the gear regardless of
maturation state. This would result in only a small proportion of age 3 immatures and matures
not being vulnerable to the fishery, essentially simulating a troll fishery with a minimum size
limit of 610 mm FL. We also assumed that the 610 mm cut-off was perfect (knife-edge), in the
sense that there was no by-catch of sub-legal fish. Thus, in effect, we model fisheries with gears
that are perfectly selective for fish equal to or greater than the minimum size limit. The global
harvest rate was set by trial and error to determine the rate that achieved the MSY harvest when
age 3 to 5 immatures >= 610 mm FL are equally as vulnerable to the gear as mature (age 3 to 6)

individuals.

Fishery scenario H4. Mixed maturation MSY gillnet fishery

Similar to scenario H3, this scenario searched for a value of hg that achieved the greatest total
catch weight in a gillnet fishery in which both mature and immature Chinook were vulnerable to

a gillnet as parameterized in scenario H2.

Fishery scenario HS. Terminal mixed maturation catch weight equivalent

(MMCWE) troll fishery

This scenario searched for a global harvest rate (hg) that achieved a total catch weight

approximately equal to that of the mixed maturation MSY troll fishery (H3), but in a terminal
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fishery in which only matures are harvested. This consideration provides the harvest rate that
would be required of a terminal fishery replacing a MM fishery, but achieving the same average
annual total catch weight. This scenario is identical to scenario H1 except that the global harvest
rate was set by trial and error to achieve approximately the same total annual catch weight as

scenario H3, (“catch-equivalent MSY harvest rate”).

Fishery scenario H6. Terminal mixed-maturation - catch weight equivalent

(MMCWE) gillnet fishery

Similar to scenario H5 but for a terminal gillnet fishery, this scenario searched for a global
harvest rate (hg) that closely approximated the total MSY catch weight achieved in the MM

gillnet scenario H4.

Parameterization of gillnet fishery scenarios.

Gillnets generally harvest individuals with fork lengths between a lower and upper size limit, at
or near the global harvest rate. Individuals with lengths below the lower and above the upper
limits are harvested at rates below the global rate due to lower vulnerabilities to the gillnet mesh
(lower selectivities). In addition, gillnets generally impose different selectivities on lengths
within the interval of greatest vulnerability, with the greatest selectivity (catchability) on
intermediate lengths. Catchability generally drops abruptly below the lower length limit and
more gradually above the upper limit. Below the lower length threshold catchability declines

abruptly as smaller fish can swim through the mesh and are entangled less frequently than fish
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above the upper threshold. Above the upper length threshold, catchability gradually levels off
above zero, because larger fish can still be caught from entanglement of the fins or operculum.
Supplementary File S1, A9, Fig B shows a gillnet selectivity curve for the standard 8-inch mesh
commonly used for Chinook. This curve was based on a Pearson function applied to an extensive

data set for Yukon River Chinook salmon analyzed by [62].

We modeled gillnet catchability with an approach that is a compromise between using an explicit
function like Pearson that assumes a selectivity of 0.0, and the lower and upper length threshold
within which selectivity is 1.0 (e.g., [34]). Based upon the selectivity curve of our
parameterization of the Pearson function of [62], we chose the interval [783, 1158 mm FL] as the
length interval in which vulnerability was equal to 1.0. Selectivity on lengths below 783 FL was
set to 0.10, and selectivity on lengths greater than 1158 were set to 0.40. (See Supplementary

Files S1, A9 and S2, B8 for further details).

Results

We describe and compare the results of the troll and gillnet harvest scenarios under no

environmental variation for each of the three types of harvest scenarios.

To consider environmental variation, we repeated the above harvest scenarios (H1 to H6) adding
bivariate normal random variation to the daily growth (GR) and annual survival (S) rates of
smolts and post-smolts age 1 to 5 (as described in Supplement File S1, A8). None of these

additional harvest scenarios produced results that differed substantially from the 6 primary

26


https://doi.org/10.1101/2024.04.25.591098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591098; this version posted April 28, 2024. The copyright holder for this preprint (which

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552
553

554

555

556

557

558

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

scenarios in regard to the magnitude or direction of the differences between mixed maturation

and terminal harvests. Consequently, we do not report them.

We provide graphical summaries that highlight specific impacts of each scenario on population
life history, and summarize the results of each harvest scenario. Data tables of the primary results

are provided in Supplementary File S4 and S5 Table.

Comparisons of mixed maturation to terminal harvest scenarios

There are clear differences between the terminal and MM scenarios for both gear types in regard
to the average weight of the catch, the age composition of the returning adult and spawner
populations, (Figs 3 and 4) and in the mean age composition of the catch and spawner
populations (Figs 5 and 6). In each case, MM fisheries shift the age composition of both sexes

toward younger ages and smaller average catch weights (Fig 3).

Fig 3. Mean number of total spawner and harvested numbers and weights, and average
weights, for all 6 harvest scenarios for the harvest and post-harvest periods (simulation
years 101 — 125 and 126 — 150, respectively). X axis labels: H1: Terminal troll; H2:
Terminal gillnet; H3: Mixed maturation troll; H4: Mixed maturation gillnet; HS: Terminal
mixed maturation catch equivalent troll; H6: Terminal mixed maturation catch equivalent
gillnet. We do not show standard errors as they are very low for all groups, ranging from a
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559  maximum of 0.068 for terminal harvest scenario H1 and a minimum of 0.002 for pre-

560  terminal spawner weight.

561

562 Fig 4. Time series of number of spawners by age and sex for simulation years 75 to 150 for

563  all 6 harvest scenarios. Harvest period shaded in grey.

564

565 Fig 5. Average spawner weights for each harvest scenario. Harvest period shaded in grey.

566

567 Fig 6. Average age of spawners and harvested Chinook for each sex for simulation years

568 75 to 150 for all six harvest scenarios.

569

570  In addition, the total weight of the catch at MSY in MM fisheries is 30% to 35% lower than in
571  terminal MSY fisheries for both gear types (Fig 3). MM fisheries of both gear types significantly
572  decrease the proportions of the 2 oldest age classes relative to the terminal fishery (Figs 4 and 7;
573  Supplement File S4, Table C). MM fisheries also decrease the average weight of the spawning
574  population (Fig 5), and thereby impair the ability of the harvested population to recover in the
575  direction of the pre-fishery age composition compared to the terminal scenarios (Figs 4 and 5;
576  Supplement Files S4, Table D). This is primarily due to the legacy of the harvest of immature

577  individuals in the MM fisheries.

578

579
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Fig 7. Age-specific proportions of total egg deposition vs. age proportions of spawners by

harvest scenario.

Importantly, over the 25-year harvest period the 2 terminal MSY scenarios (H1 and H2) achieve
considerably greater total and average harvest weights than the MM MSY scenarios (Figs 3 and

8; Supplement File S4, Table A).

Fig 8. Total weight of harvest for all 25 years for each sex in all six harvest scenarios.

With respect to the sustainability of the fishery regimes, the terminal catch-equivalent MM
fisheries (H5 and H6) achieve the target total catch weights of the MM MSY scenarios with
fewer and larger fish than the corresponding MM MSY fisheries. Additionally, they do so with a
spawning population that has a larger average size, weight, and age than the mixed-stock

fisheries (Figs 3, 5 and 6).

Troll scenarios versus gillnet scenarios

There are biologically meaningful differences in average spawner and catch weights between the
2 gear types in each of the three types of fishery scenarios. In the terminal MSY troll fishery
scenarios (H1), the average weight of spawners during the harvest period is one-half 1b smaller

than the pre-harvest average (17.8 versus 18.3). In the terminal MSY gillnet scenario (H2), the
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average weight of spawners during the harvest period is a full five 1b smaller than the pre-harvest
average (13.3 versus 18.3; Figs 3 and 5). Comparing between fisheries, the average size of
harvested fish in the terminal MSY gillnet fishery is more than 2 1b greater than in the

corresponding troll fishery (21.0 1b versus 18.7 1b; Figs 3 and 5).

In the mixed-maturation MSY scenarios (H3 and H4), both total and average catch weights of
each gear type are significantly below their terminal fishery counterparts (Fig 3). However, there
are some interesting differences between the 2 gear types. In the mixed-maturation troll scenario,
the total number of fish caught is greater than in the gillnet scenario (728 versus 564; Figs 3 and
9), but the average weight of the catch is smaller (12.0 versus 14.5 1b; Fig 3). This is due to the
greater selectivity of the gillnet for larger, older fish than the troll scenario, which captures more
younger-age, immature fish. Correspondingly, there are more spawners in the gillnet scenario
(603 versus 403), but average spawner weights are similar (14.5 versus 14.3, respectively; Fig
3). This is due to the troll fishery catching more fish across the size range, including more
immatures, than the gillnet (432 weighing an average of 9.5 Ib versus 226 weighing an average
of 5.3 1b, respectively (Fig 9)). This leaves fewer spawners on average than the gillnet fishery

(Fig 4). In both cases, the average spawner weights are 4 Ib smaller than the pre-harvest average.

Fig 9. Total number and weight of Chinook of each sex harvested in the mixed maturation

troll and gillnet fishery scenarios.

In the MMCWE fishery scenarios (H5 and H6), the terminal troll scenario achieves an average

spawner weight of 18.5 1b, compared to the pre-harvest average of 18.3, and an average catch
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weight of 18.5 Ib, which is similar to the average catch weight of the terminal MSY troll
scenario. Total number of spawners is nearly 300 more than in the terminal MSY fishery and
more than 200 than the MM troll scenario. The gillnet scenario achieves an average weight of
spawners of 16.3 1b, and an average catch weight of 21.3 Ib, and 100 more total spawners (750)

than the troll scenario (Fig 3; Supplement File S4, Table A).

The mean age of spawners in the MMCWE troll scenario is slightly, though not significantly,
greater than in the terminal MSY troll scenario and the mean spawner weights in each period are
equal to or slightly greater than the pre-harvest means (Fig 3). In the MMCWE gillnet scenario,
the mean ages in the harvest and post-harvest periods are lower, but close to the values in the
terminal MSY troll scenario (Fig 6), while the mean weight of spawners in these two periods are

1 to 2 Ib smaller than in the two terminal troll scenarios (Fig 3; Supplement File S4, Table D).

Harvest impacts to egg deposition

Harvest impacts are also reflected in the total and age-specific egg deposition and in the
proportional contribution of female spawners of each age. For all 6 harvest scenarios, we provide
summary data for the proportion of total egg deposition contributed by female spawners of each
age (3 to 6) relative to the proportion of each female age in the total female spawner population.
Fig 10 shows the total egg deposition for simulation years 75 to 150 for all six harvest simulation

scenarios. data is provided in tabular form in Supplementary File S4, Tables E and F.
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Fig 10. Age-specific total spawner egg deposition by harvest scenario for simulation years

75 to 150.

The reference terminal harvest scenarios (H1 and H2) reveal clear differences in the impact on
the age structure of the spawning population between the troll and gillnet. The age composition
in the terminal troll scenario is noticeably less skewed toward younger ages (3 and 4) relative to
the pre-harvest period, and compared to the terminal gillnet scenario (Fig 10; Supplement File

S4, Table C).

An illustrative comparison of the impact of each scenario on the structure of the spawning
population is the proportion of age 3-to-6-year-old spawners and the proportion of total egg
deposition contributed by each. In the gillnet scenario (H2), the proportion of age 3 female
spawners increases and the proportion of age 4, 5, and 6 female spawners decreases relative to
the pre-harvest period. This change is mirrored by the proportion of total egg deposition
contributed by age 4 and 5 spawners, but less so in the case of age 6 spawners (Fig 10, middle
panel; Supplement File S4, Table C). During the pre-harvest period, age three females comprise
15% to 25% of the spawning population but contribute less than 18 percent of the total egg
deposition. During the harvest period, the proportion of age three females in the spawning
population rises above 40% and contribute 30% to 40% of the total egg deposition. Both
numerically and in terms of contribution to total egg deposition, the gillnet harvest renders the
population during the harvest period more dependent on age 3 spawners, which likely have lower
overall fitness measured as recruits-per-spawner than the 3 older ages. During the post-harvest

recovery period, age 5 spawners increase significantly in both proportions relative to the pre-
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harvest period, age 3 and 4 spawners recover to near their pre-harvest levels, but age 6 spawners

fall below pre-harvest levels and thus fail to rebuild during the 25-year period.

In contrast, there is little significant change in either proportion of the 4 age classes in the
terminal troll scenario (H1). Thus, harvest across the entire size range (fork length) of mature
adults vulnerable to the troll gear has little impact on either the proportion of each age class in
the total spawning population, or in the proportional contribution to egg deposition relative to the
pre-harvest period. Consequently, there is little disruption of spawning age structure, and less

correction during the 25-year recovery period.

In the mixed maturation fishery scenarios, the situations are similar between the 2 gear types (H3
and H4) (Fig 10; Supplement File S4, Table C). Both scenarios result in a marked reduction in
the proportion of age 5 and 6 female spawners and corresponding increases in the proportion of
ages 3 and 4 female spawners, relative to the pre-harvest proportions. Pre-harvest, ages 5 and 6
combined make up 51% of total spawners and ages 3 and 4 combined 49%. In the mixed
maturation troll harvest period, ages 5 and 6 combined represent 40% and ages 3 and 4 60% of
total spawners. In the mixed maturation gillnet harvest period, ages 5 and 6 represent 37% and
ages 3 and 4 63% of total spawners (Fig 10; Supplement File S4, Table C). Both gear types
effect similar reductions in the proportional contribution to total egg deposition of age 6
spawners, similar increases in the proportional contribution of age 3 spawners, and little
alternation in the proportional contributions of ages 4 and 5 spawners (Fig 10). There is little
difference between the 2 scenarios during the post-harvest recovery period. In both scenarios,
age 6 females lag behind the pre-harvest proportions. The 3 younger age classes recover to near

pre-harvest period levels, though there are some slight differences between the 2 gear types.
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Age composition of the spawning population in the 2 terminal catch weight equivalent harvest
scenarios (H5 and H6) shows considerably less alternation from the pre-harvest age structure,
than the corresponding mixed-maturation scenarios. However, the MMCWE gillnet scenario
produces an increase in the proportion of age 3 spawners that does not occur in the
corresponding troll scenario. The troll scenario (H5) retains the pre-harvest average proportions
of ages 5 and 6 in the total spawning population (0.522 versus 0.518 The average proportions of
age 5 and 6 spawners in the MMCWE gillnet scenario is 0.452 (Fig 10; Supplement File S4,
Table C), an improvement over the average in the mixed maturation scenario (H4) of 0.372, but
still below the pre -fishery average. However, both scenarios permit a recovery to at (troll) or
near (gillnet) the pre-fishery spawner age proportions over the 25-year post-harvest period

(Supplement File S4, Table C).

To provide further perspective for evaluating the impacts of the harvest scenarios on age-specific
spawner contributions to population growth, we calculated the reproductive values of female
spawners (ages 3 to 6) for a representative average deterministic population projection matrix.

For interested readers further details are provided in Supplement File S1, section A6.

Discussion

Size- versus age-overfishing
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Our results show that in mixed maturation fisheries (where mature and immature individuals
attain lengths that render them equally vulnerable to the fishing gear), mortality in MSY harvests
imposes biological effects that are likely to compromise a population’s resilience and adversely
affect potential yield. These effects are primarily demographic in the short-term extending one to
several generations, the period of time over which we conducted our simulations. Biological
effects occur from shifting the population’s size structure toward smaller lengths at maturity (i.e.,
size-overfishing) and, consequently, a younger adult age structure (Figs 3, 4, 5, 6, 10;
Supplement File S4, Table C). These shifts occur independent of and in addition to, any potential
genetic effect due to selection on growth or maturation rates. The shift toward a younger age
structure is, therefore, an indirect effect of size selection. Note that the shift to smaller sizes is
not a result of selection on size-at-age, since our model does not allow the genotype-specific
maturation probabilities to evolve in response to selection on age or size. Rather, the shift to
smaller size is simply the result of selection on the fitness of growth rates and lengths-at-maturity

that result from the size selection of the fishing regime; it is fundamentally a demographic effect.

Thus, our model results in this respect are conservative. We expect that if selection on the
genotype-specific maturation probabilities (daily growth rate and maturation weight/length) were
incorporated into our model (via no or a reduced degree of diversified bet-hedging), selection
toward smaller sizes and hence younger ages, would increase the shift in the directions observed.
For example, if heritabilities for growth rate and size-at-maturity were higher, such that age x
parents had a very high (e.g, >0.75) probability of producing offspring with growth rates and
size-at-maturity identical to their own, and if size-assortative mating were much stronger than
our current parameterization, older-aged/larger-size adults would have a very low (perhaps zero)

probability of producing offspring with higher growth rates and smaller size-/younger age-at-

35


https://doi.org/10.1101/2024.04.25.591098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591098; this version posted April 28, 2024. The copyright holder for this preprint (which

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

maturity. Younger/smaller-size adults would have similarly low probabilities of producing
offspring with lower growth rate and larger size- older age-at-maturity. Under exploitation rates
as high as (or likely even less than) those observed in our terminal and mixed maturation MSY
scenarios, there would be a high probability of losing larger, older adults altogether from the
population due to strong selection for faster growth rates and smaller size-/younger age-at-

maturity.

By incorporating diversification bet-hedging in our parameterization of the genetics of
maturation (a form of genetic and environmental canalization that prioritizes geometric mean
fitness rather than arithmetic mean fitness [46-50]) our model population retains the ability to
produce all growth rates and maturation sizes and ages of the pre-harvest population under a
range of realistic exploitation rates. However, given our focus on time periods relevant to
management, (25 years or 5 to 6 generations), we chose not to incorporate the added complexity
of allowing selection to operate on growth rates and/or maturation lengths. In any case, our
results strongly suggest that incorporating evolution of the genetics controlling maturation would
not affect the generality of our results regarding the benefits of terminal fisheries and the

detrimental impact of mixed-maturation fisheries.

The demographic impacts that occur under mixed maturation harvest also have suboptimal
effects on the total numbers and weight of the catch (Fig 8; Supplementary File S4, Table A). In
the MM troll scenario (H3) where immature and mature fish 610 mm FL and larger are equally

vulnerable to the global harvest rate, immature Chinook comprise 59% of the total numbers
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caught, and 47% of the total weight of the catch (Fig 9). In the MM gillnet scenario where
immature and mature fish are also equally vulnerable to the global harvest rate, but the gear is
disproportionately selective for larger, older fish, immature Chinook comprise 40% of the total
number caught and 15% of the total weight of the catch (Fig 9). Importantly, we did not include
release mortality on sublegal catch or drop-off mortality on legal and sublegal size fish in the
mixed maturation scenarios, (phenomena that are common in marine, particularly troll,

fisheries), again emphasizing the conservative nature of our results.

As noted in the Results, the average weight of spawners in both mixed maturation scenarios are
reduced by roughly 4 1b from the pre-harvest average (Figs 3 and 5), the proportions of the 2
oldest spawner ages are reduced by more than 10% (Fig 7; Supplement File S4, Table C), and
the mean age of spawners is reduced by nearly half a year from the pre-harvest average (Fig

6).

Demographic effects of the two gear types on population structure

We found large differences in the effects of harvest on the size and age structure of the adult
population between the 2 gear types in both mixed maturation and terminal fishery scenarios.
These were due to the cutoff lengths for the selectivities of gillnet fisheries that we chose on the

basis of Bromaghin’s analysis of the selectivity of the 8-inch mesh typically used for Chinook.

In troll scenarios, individuals at or above the minimum size threshold tend to be harvested close

to their proportions in the total population vulnerable to harvest. Gillnets, by contrast, harvest
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larger, older individuals in proportions greater than their proportions in the total vulnerable
population. Thus, individuals in ages 4 to 6 were harvested to a greater extent than ages 2 and 3,
which were only harvested incidentally. This was due to two features of our parameterization.
First, our upper limit of 1158 mm FL was close to the largest length of the oldest (age 6) length
class, so there were few individuals subject to the lower selectivity on lengths greater than 1158.
Second, our lower limit of 783 mm meant that all age 2 individuals and most age 3 individuals
were subject to the lower harvest rate (Supplementary file S1, Fig B). Thus, fish smaller than this

lower limit consisted mostly of ages 2 and 3.

A related feature of the terminal troll harvest scenarios (H1 and H5) in comparison to the 2
mixed maturation (H3 and H4) and the 2 terminal gillnet scenarios (H2 and H6), is a negligible
alteration of the mean age of the spawning population relative to the mean age at the unfished
stochastic equilibrium (Fig 3; Supplement File S4, Table D). This is due to 2 features of these
scenarios: first, the minimum length limit (610 mm) that we chose for the troll scenarios results
in over 95% of all mature females and males age 3 and older being fully vulnerable to the fishing
gear. Second, all vulnerable individuals are equally and randomly vulnerable to the global
harvest rate and are therefore harvested (on average) in direct proportion to their age/length-
interval-specific abundance, which tends to preserve the initial proportions between ages 3 and 6.
This leaves mature age 2 males largely unaffected by harvest mortality which results in a small
increase in the proportion of age 2 males in the adult population. It has only a small effect on the

overall age proportions.

A particularly valuable comparison is between the primary mixed maturation troll harvest
scenario (H3) and the terminal fishery counterpart (H5) that adjusts the global harvest rate (hg)

downward from the un-restricted MSY rate to the MM Catch Weight Equivalent rate. This
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795  achieves approximately the same total catch weight as the mixed maturation troll fishery. This
796  total catch weight (~8700) is more than 3500 1b smaller than the terminal MSY harvest of 12295
797  1b (Fig 8). This (HS) terminal harvest scenario catches fewer individuals than the MM fishery
798 (467 versus 728, but since all individuals harvested are mature, the average weight of the fish is
799  significantly larger than the mixed maturation catch (18.5 versus 12.0 Ib; Fig 3; Supplementary
800  File S4, Table A). The larger weight of individuals caught in the terminal scenario likely

801  increases their economic value above that of the mixed-stock scenario because larger Chinook

802  may realize a higher price per pound (cf. [37]).

803

804 Differences in total egg deposition between harvest scenarios

805

806  For the troll scenarios, the lowest average fecundities occur in the mixed maturation scenario
807  (H3) where the average 1s 200 eggs per female lower than for either the pre-fishery or the post-
808  fishery averages. For the gillnet scenarios, both the terminal MSY and the mixed maturation
809  MSY scenarios (H2, H4) are more than 350 to 500 eggs per female lower than the pre-fishery
810 averages. Fig 7 shows a related change in the proportion of the average total egg deposition

811  contributed by the two youngest female ages (3 and 4), which increases from an average of 40%
812  in the pre-harvest period to 50% and 52%, respectively in scenarios H3 and H4. This illustrates
813  that the MM harvest scenarios shift the spawner age structure toward younger average ages and
814  renders the population more dependent on egg deposition from the younger, less fecund

815  spawners. In addition, the terminal MSY gillnet scenario (H2) increases the proportion of total
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egg deposition by age 3 and 4 spawners to 54% due to the strong size selectivity of the gear

(Supplement File S4, Table C).

Model assumptions of note

Spawner age and egg size

For both modeling convenience and lack of available data, we assumed that all eggs were the
same size and had the same probability of surviving to emergence, and that all emergent parr
were of the same size regardless of female age or size, and hence were equal in overall fitness
with respect to density dependent survival to the smolt stage. In reality, larger female Chinook
deposit larger, better provisioned, eggs that likely possess greater fitness than smaller eggs. As a
consequence, the comparisons between the MM fishery scenarios (H3 and H4) and the 4
terminal fishery scenarios may slightly exaggerate the impact of mixed maturation fisheries on
population productivity and resilience to the extent that older age spawners are deprived the
marginal fitness advantage that may accrue to larger, better provisioned eggs than smaller,
younger age females. This is a feature that can be remedied in case-specific applications where
population-specific egg-size and/or energy content data are available. However, we believe this
effect to be relatively minor compared to the overall change in population structure effected by

MM fisheries and thus does not distort the generality of our results.
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Parameterization of daily growth and density-independent survival rates

Although we lack good data on the actual growth rates associated with maturation at each age, as
parameterized in the McGurk growth-mortality equations (Supplementary File S1, A5, equations
5.1 and 5.2), the parameterizations that we chose (Supplementary File S2, Table L) produce
reasonable and realistic mean lengths for each of the maturation ages (Fig 2) and realistic age-
specific density-independent marine survival rates (Supplementary File S2, Table M). Further,
by modeling harvest as length-based, our assumption that older maturing individuals grow more
slowly than individuals maturing at younger ages, is more realistic than models that assume that

all individuals of a given age in mixed-stock fishery have the same lengths.

Fisheries related incidental mortality

An important lacuna in our harvest modeling was ignoring fisheries related incidental mortality
(FRIM). FRIM includes retained landings of sub-legal-size fish, post-release mortality of
released landed sub-legal, and drop-off mortality of legal and sublegal fish that encounter the
gear and die through predation or injury as a consequence. FRIM can be (and normally is) a
significant source of fishing mortality in mixed maturation fisheries. We intentionally chose to
ignore FRIM in our simulations in order to focus clearly on the impacts to legal size fish. Thus,
our results for the 2 MM fishery scenarios are likely an under-estimate of the impact of these
fisheries on immature fish. This further highlights the conservative nature of our harvest

analyses.
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Vulnerability of immature Chinook to harvest gear

We assumed that all immature Chinook were equally vulnerable to fishing gear as mature
individuals of the same size (fork length). This would require all such immatures to rear in areas
where matures are located and where fishing occurs. While likely true for many Pacific Salmon
Treaty marine Chinook fisheries in our area of interest, there may be times and areas where this
isn’t the case. To the extent to which this is not the case the impact of indirect age-overfishing
will be smaller than shown in our model results. Our model, therefore, highlights the most
extreme case. To the extent this departs from a specific real-world situation, our results will
overestimate the effect of indirect age overfishing. Even in such a case, the harvest of immatures
in harvest areas with mature fish will have the kind of detrimental impact on total catch weight,
total spawner weight and egg deposition, and age-specific proportions of the catch and spawning

population that we show, though the magnitude will be reduced to some degree.

Conclusion

Our individual-based model of ocean-type Chinook salmon provides for robust evaluations of the
likely impacts of different harvest regimes and gear types on the structure and productivity of
Pacific coast Chinook populations. It also illuminates the strengths and weaknesses of different
harvest regimes for returning benefits to fishers. The results of our modeling exercise provide a
succinct analysis of the primary differences between terminal and marine MM fishery regimes
on Chinook life-history, productivity, and return to harvesters (measured by catch number and

catch weight).
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We find that, on balance, terminal fisheries provide greater harvest benefits to fishers than MM
fisheries. Additionally, they provide greater protection for the productivity and resilience of the
harvested populations. Although we assumed a common egg size independent of female age and
size, our results highlight the importance of the greater fecundity of older, larger females to the
productivity of Chinook salmon populations, and provide evidence of the importance of
monitoring Chinook populations for total egg deposition and the age composition of spawners,
rather than (or in addition to) total number of spawners. These results should be of value to
scientists and managers concerned with the long-term sustainability of harvestable wild Chinook

populations and with the rebuilding of depleted and at-risk populations.

Future planned work examining existing Chinook populations and development of a model
applicable to stream-type Chinook, will further our understanding of how recent and past harvest
practices have affected wild Chinook populations along the coast of the eastern North Pacific.
The development of appropriately targeted monitoring and assessment projects are also needed
to improve understanding of the status of wild Chinook populations at regional and population-

specific scales.

Supporting Information

S1 File. Chinook survivability parameters and equations. (DOCX)

S2 File. Chinook growth parameters. (DOCX)

S3 File. Characteristics of the equilibrium spawner abundance of the IBDEM Chinook

model. (DOCX)
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S4 File. Tables of harvest simulation results. (DOCX)

S5 Table. Summary of a representative 1000 year simulation. (XLSX)
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) . Objective: Genetic stock identification (GSI) can be an effective tool for fisheries man-
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agement, but development of reference baselines for species with broad geographic dis-
tributions can be challenging. Mixed-stock fisheries for Chinook Salmon Oncorhynchus
tshawytscha have utilized GSI analyses for decades with various genetic baselines, but
these have largely become outdated with advances in technology that enable more ef-
ficient genotyping. Thus, our goals were to (1) create nested baselines of genotypic data
for Chinook Salmon throughout their entire natural range using existing data from mul-
tiple sources and (2) evaluate the utility of those nested baselines to conduct accurate
hierarchical GSI of mixture proportions or the stock identification of individual fish.

Methods: In this study, we compiled a large genetic baseline of single-nucleotide
polymorphism (SNP) markers for 389 populations that encompass the entire geo-
graphic range of Chinook Salmon. We used cross validation and realistic mixture

simulations to test the accuracy of the baseline in generating GSI estimates.
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A new, standardized international Pacific Rim baseline for genetic stock identification (GSI) of Chinook Salmon

VAN DOORNIK ET AL.
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INTRODUCTION

Fisheries research and management often rely on the
ability to identify the stock composition of aggregations
of individuals in mixed-stock scenarios (e.g., high-seas,
nearshore, or estuarine fisheries). A central tenet of mod-
ern fishery management is to allow for exploitation and
impacts on healthy, abundant stocks but to protect sensi-
tive populations, especially those afforded special protec-
tion under the U.S. Endangered Species Act, the Canadian
Species at Risk Act, or the Convention on International
Trade in Endangered Species of Wild Fauna and Flora.
Stock identification of Pacific salmonids has been done
primarily with coded wire tags (Bernard and Clark 1996),
but as technology has evolved and conservation issues have
become more acute, genetic stock identification (GSI) has
also become widely implemented in stock management
(Beacham et al. 2021, 2022b; Chang et al. 2021; McKinney
et al. 2022). Genetic stock identification exploits genetic
differences that exist among populations and lineages to
identify and estimate proportions of each distinct group
for specific fisheries and monitoring applications. In GSI
analyses, fish of unknown origin are genotyped and then
compared to a reference baseline of genotypic data col-
lected from individuals of known origin. From that com-
parison, the unknown individuals are assigned to their
most likely group of origin. The baseline data are com-
prised of multilocus genotypes of individual fish collected
from representative populations that might contribute to
the mixed-stock fishery. Populations are organized into ge-
netic stocks or reporting groups, which are aggregated by
factors such as genetic similarity, geographic location, or
other management criteria. Genetic stock identification is
most accurate when there is substantial genetic differenti-
ation among the reporting groups (Clemento et al. 2014),
and it can be used to estimate the stock proportions of a
mixture or to estimate the stock of origin for individual
fish.

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

Result: We demonstrated that a multi-tiered assignment approach can provide high
accuracy at both tier 1 (broadscale, with three coastwide reporting groups; 97.8%
mean accuracy) and tier 2 (fine-scale regional reporting groups; up to 97.7% mean ac-
curacy) levels. Realistic mixture simulations showed that this multi-tiered approach
can provide highly effective GSI results for several common mixed-stock fisheries
applications in the Pacific Ocean.

Conclusion: This new SNP baseline and the multi-tiered assignment approach pro-
vide the most comprehensive rangewide GSI baseline for Chinook Salmon over any
previous application and enable highly accurate estimates for GSI purposes.

Chinook Salmon, genetic stock identification, single-nucleotide polymorphisms

Impact statement

A Chinook Salmon genetic stock identification

baseline encompassing the species’ entire range
has broad applications in fishery management
and harvest allocation as well as in basic research.

Genetic stock identification in diverse mixed-stock
fisheries requires an extensive baseline representing
all stocks that are likely to be encountered in the mix-
ture of unknown fish. However, collecting those data is
expensive and time consuming. The ability to combine
regional data collected by multiple laboratories greatly fa-
cilitates baseline construction. This was done in the past,
for several species of Pacific salmon Oncorhynchus spp.,
when microsatellite DNA loci were the genetic markers
(loci) of choice (Seeb et al. 2007; Van Doornik et al. 2008;
Stephenson et al. 2009). However, the process of combin-
ing data from multiple sources can be time consuming, as
the data must be standardized to assure that all laborato-
ries are collecting equivalent data (Moran et al. 2006). In
addition, not all laboratories use the same genetic mark-
ers, as not all loci are informative for GSI across the entire
range of a species. This has led agencies to collect data and
assemble entire baselines for regional use, but those data
are limited for broader application because distinct stocks
from other regions are generally underrepresented or
completely absent from local and regional baselines. This
has become especially true with the present-day use of
single-nucleotide polymorphism (SNP) loci, which have
now become the genetic markers of choice for salmonid
GSI given that SNP sequencing allows for the efficient ge-
notyping of hundreds of loci simultaneously (Campbell
et al. 2015).

In general, GSI estimates are more accurate when
baselines include greater numbers of individuals and

9/4/24, 10:47 PM
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loci and when baselines have a greater representation
of populations within each reporting group (McKinney
et al. 2020; Hargrove et al. 2023). However, there has
not been an effort to create an interagency, standard-
ized, rangewide GSI baseline of SNP data for Chinook
Salmon O. tshawytscha despite initial efforts to transi-
tion from microsatellite to SNP baselines (e.g., Narum
et al. 2008; Beacham et al. 2012). The Chinook Salmon is
ahighly valued species for commercial, recreational, and
indigenous fisheries throughout its range. Several agen-
cies have constructed GSI SNP baselines for Chinook
Salmon, but they all vary in geographic coverage and
in the SNP loci used (Templin et al. 2011; Warheit
et al. 2013; Clemento et al. 2014; Larson et al. 2014;
Hess et al. 2016; Meek et al. 2016; Barclay et al. 2019;
Beacham et al. 2021).

Given the disparity in overlap among regional SNP
baselines, we applied GSI in a two-tiered, hierarchical
format to assemble and utilize multiple regional base-
lines. Hsu and Habicht (2024) developed a hierarchical
model that assigns individuals to origin in a multi-
step hierarchical framework, accounting for errors
over levels of the hierarchy. A hierarchical approach
first assigns (or fractionally allocates) an individual to
a broadscale reporting group in a rangewide baseline,
balancing the inclusion of the numbers of informative
SNPs with the inclusion of individuals from represen-
tative stocks in broadly defined reporting groups. A
second assignment is then made to a finer-scale report-
ing group by using one of several regional baselines
depending upon the reporting group to which the fish
was assigned during the first-tier analysis. Because the
number of loci in common among sources is low, the
first-tier baseline has fewer loci and fewer reporting
groups but spans the entire natural range of Chinook
Salmon. This tier of reporting groups represents very
large geographical areas, which have well-documented
genetic differentiation among them. The second tier of
the hierarchical analysis utilizes region-specific base-
lines that contain more loci, more populations, and a
greater number of finer-scale reporting groups within
each region. This approach maximizes the use of avail-
able data and estimates the origin of fish accurately re-
gardless of where they were caught or the stock from
which they originated.

Thus, our goals were to (1) create nested baselines of
genotypic data for Chinook Salmon throughout their en-
tire natural range by using existing data from multiple
sources and (2) evaluate the utility of those nested base-
lines for conducting accurate hierarchical GSI of mixture
proportions or for the stock identification of individual
fish.

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

METHODS
Baseline assembly

We compiled SNP data that were provided by the genetics
laboratories of several different agencies (Table S1 available in
the Supplement in the online version of this article). A small
amount of the data was unpublished, whereas most of the
data has appeared in previously published Chinook Salmon
GSI baselines (Templin et al. 2011; Clemento et al. 2014;
Larson et al. 2014; Hess et al. 2016; Barclay et al. 2019;
McKinney et al. 2020; Beacham et al. 2021). We then deter-
mined which loci from those baselines overlapped with one
another and with a panel of 299 SNP loci that are routinely
used when genotyping Chinook Salmon (Table S2; Hess
et al. 2016). Genotypes for these loci are determined by use of
a probe-based assay, with different laboratories utilizing dif-
ferent genotyping platforms. Reported primer sequences for
each data set were used to verify the identity of SNPs among
laboratories and to standardize allele designations.

To create the tier 1 baseline, we included populations
that spanned the entire range of Chinook Salmon from
the Kamchatka Peninsula, Russia, to the Central Valley in
California, United States. These populations were initially
grouped together into three reporting groups from which
we would expect very accurate GSI estimates (>95% ac-
curacy) given the level of divergence that has been pre-
viously reported at this scale (Hecht et al. 2015): all
populations north of the Columbia River (Northern), all
populations within the Columbia River (Columbia), and
all populations south of the Columbia River (Southern;
Table S1). Previous genetic population structure SNP anal-
yses have found that Chinook Salmon populations from
the Columbia River are very distinct from other Chinook
Salmon populations (Templin et al. 2011; Clemento
et al. 2014; Beacham et al. 2021). This finding, along with
the fact that the Columbia River is a significant source
of Chinook Salmon and represents a major management
group, led us to create our tier 1 groupings around the
Columbia River. We found that having three tier 1 report-
ing groups provided a good balance between separating
major genetic groups, which ensures highly accurate tier 1
assignments while minimizing the need to create a greater
number of tier 2 baselines. For both the tier 1 and tier 2
baselines, we only included (1) populations with at least
20 individuals sampled and (2) individuals that had been
genotyped successfully for at least 80% of the loci used in
each baseline.

Each of the tier 2 baselines represented a smaller geo-
graphic area than the tier 1 baseline. Populations were
grouped together into two different configurations of re-
porting groups. The first tier 2 configuration contained the

9/4/24, 10:47 PM
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finest-scale reporting groups as outlined in the Genetic
Analysis of Pacific Salmonids (GAPS) microsatellite baseline
(Seeb et al. 2007). That baseline represents the most com-
prehensive and detailed GSI baseline of Chinook Salmon
genetic data previously constructed, although it lacks the
inclusion of any populations north and west of Southeast
Alaska. For populations from those areas, we created report-
ing groups based upon previous studies (Templin et al. 2011;
Beacham et al. 2021). We chose to consider this configura-
tion not only because of its fine-scale reporting groups, but
also because continuity in GSI assignments could be main-
tained for long-term projects that previously used the GAPS
microsatellite baseline but have recently switched to SNPs.

The second reporting group configuration was driven
by the data, optimizing the reporting groups in such a way
that every reporting group had a minimum accuracy of
90%, as determined from leave-one-out simulations (see
below). This was achieved by starting with the GAPS re-
porting groups and then combining geographically and
genetically proximate groups with the largest number of
misassignments among them that otherwise reduced ac-
curacy to less than 90%.

Baseline testing

Leave-one-out cross validation was our primary means of
evaluating the different configurations for both tier 1 and
tier 2 baselines. A leave-one-out simulation is performed by
removing one individual from the baseline, recalculating the
baseline allele frequencies, and then assigning that individ-
ual to a reporting group as if its origin were unknown. This
is repeated for every individual in the baseline, and the in-
dividual results are summed. Assignment accuracy to each
reporting group (or population) can then be evaluated based
upon how many individuals correctly assign to their report-
ing group of origin. This approach has been demonstrated
as a robust way to evaluate a baseline because it provides
unbiased estimates of GSI accuracy (Anderson et al. 2008).
Leave-one-out simulations were conducted using the
“self-assign” function in the R package rubias (Moran and
Anderson 2019). Leave-one-out simulations provide a meas-
ure of the accuracy that can be expected when assigning in-
dividual fish to their region of origin.

To test our ability to make accurate estimates of “real-
world” scenarios using these baselines, we simulated
several different mixtures by removing multiple individ-
uals from the baseline and treating them as a mixture,
essentially doing a “leave-multiples-out” simulation.
Whereas leave-one-out simulations are applicable to mak-
ing assignments of individual fish to their region of or-
igin, our real-world simulations tested the ability of the
baseline to estimate stock proportions from a mixture

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

sample. We randomly removed individuals from specific
reporting groups (no more than 20% of the total number
of individuals in any single reporting group), in specific
proportions, to create mixtures that represented real-
world scenarios. To create these scenarios, we sought to
duplicate the reporting group proportions as closely as we
could for five different ocean-caught mixtures that have
been reported in published studies. The five mixtures
were sampled in the Bering Sea (Larson et al. 2013), off
the coast of Southeast Alaska (Van Doornik et al. 2019),
in the northern Georgia Strait (Beacham et al. 2021), off
the Washington and Oregon coasts (Teel et al. 2015), and
off the coast of California (Clemento et al. 2014). We es-
timated mixture proportions for the simulated mixtures
and then compared the results to the true proportions.
We configured our reporting groups to match those of
the source publication, which mostly matched the GAPS
reporting group configuration. Estimated mixture propor-
tions were generated using the R package Ms.GSI (Hsu
and Habicht 2024), which is a multistage algorithm that
is specifically designed to make GSI assignments (both
individual assignments and mixture proportions) using a
two-tiered hierarchical approach. This method accounts
for uncertainty in the tier 1 assignment before conduct-
ing the tier 2 assignment. For each simulated mixture, we
ran five independent chains, each with 5000 iterations,
the first 2500 of which were discarded as burn-in. Each
mixture was simulated 10 times, and the results were then
averaged.

RESULTS
Baseline description

We compiled a baseline consisting of 43,041 Chinook
Salmon samples from 389 populations throughout the spe-
cies’ natural range (Figures 1-3; Table S1). These popula-
tions had 49 SNP loci in common, which we then used for
our tier 1 baseline (Table S2). Substantially greater num-
bers of loci that were shared among sources could be used
for our tier 2 baselines. For tier 2 regional baselines, the
Northern, Columbia, and Southern baselines included 98,
178, and 88 loci, respectively (Table S2). All populations
appearing in tier 1 were also in one of the tier 2 baselines,
but not all populations in tier 2 were necessarily present
in tier 1.

Leave-one-out simulations

At the tier 1 level, the leave-one-out assignments had a
mean accuracy of 97.8%. The accuracy at the tier 2 level

9/4/24, 10:47 PM
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FIGURE 1 Map of sample locations for Chinook Salmon populations in Russia and Alaska. Cst, coast; R, River; Up, Upper.

varied depending upon the reporting group configuration
(Figures 4 and 5). When we used the GAPS reporting group
configuration (Seeb et al. 2007), the mean accuracy rate
was 90.5%, with all but 5 of the 49 reporting groups having
accuracy rates greater than 80% (Figure 4). We also created
an optimized set of reporting groups such that each report-
ing group had an accuracy greater than 90% (mean =97.6%;
Figure 5). This configuration maintained many but not all
of the conservation and management units of interest. For
example, when using this configuration, we lost the ability
to discriminate (1) Southeast Alaska fish from northern/
central British Columbia fish or (2) mid/upper Columbia
River fish from Snake River fish.

Simulated mixtures

The simulated mixtures that we created also indicated
that we can expect accurate estimates from these baselines

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

(Figure 6). Each of the simulated mixtures returned very
accurate estimates for almost every reporting group. For
the only instances in which the true value was not con-
tained within our estimated 95% confidence intervals
(the lower/mid-Columbia River fall group and the Snake
River fall group in the Southeast Alaska mixture), the true
values were less than 5%. All of the major contributing
groups in each mixture were within the 95% confidence
intervals of our estimates.

DISCUSSION

We successfully consolidated and standardized a new
rangewide genetics reference baseline for Chinook
Salmon in the North Pacific Ocean. Because of the multi-
laboratory, international scale of this endeavor, not all
populations included the same suite of genetic markers.
We demonstrated here that the hierarchical, multistage

9/4/24, 10:47 PM
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FIGURE 2 Map of sample locations for Chinook Salmon populations in British Columbia. BC, British Columbia; Cent, Central; Cst,

coast; I, Island; Low, Lower; R, River; Up, Upper.

mixture modeling and individual assignment method
that Hsu and Habicht (2024) applied to northern popula-
tions are also suited to more diverse genetic mixtures in
southern fisheries. Some harvest fisheries and incidental
bycatch of Chinook Salmon on the central and south-
ern west coast of North America take fish from south-
ern British Columbia to the Central Valley of California
(Sabal et al. 2023). Moreover, some Alaskan and British
Columbian fisheries take fish from U.S. West Coast popu-
lations (Winther 2018; Shedd 2019; Beacham et al. 2022a).
With Chinook Salmon, it is important to use a baseline

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

that spans their entire range because fish can be collected
thousands of kilometers away from their natal rivers
(Larson et al. 2013; Van Doornik et al. 2019). The current
analysis shows that this hierarchical method will benefit
management and conservation in many of the fisheries
that take Chinook Salmon from diverse geographical lo-
cations, which are likely represented by different baseline
loci.

Our leave-one-out results, which were explored through
three distinct reporting group configurations, revealed
the delicate balance between accuracy and resolution for

9/4/24, 10:47 PM
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FIGURE 3 Map of sample locations for Chinook Salmon populations in Washington, Oregon, and California. Cr, Creek; Cst, coast; fa,
fall run; R, River; sp, spring run; su, summer run; Up, Upper; wi, winter run.

GSI applications and pinpointed the areas of greatest and
lowest genetic differentiation among populations. The va-
riety in reporting group configurations allows for the se-
lection of resolution or accuracy levels based on specific
study or management goals. For example, the optimized
configuration might not be ideal for certain manage-
ment needs, especially in regions where reporting groups
span extensive geographic areas (e.g., northern/central
British Columbia coast/Southeast Alaska) and where the

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

level of accuracy that we achieved was inadequate. The
98 loci that we employed in our tier 2 Northern baseline
were likely insufficient to provide resolution among the
desired reporting groups in this area. Employing a tier 2
baseline with more loci could offer superior resolution in
this case, as has been done in British Columbia (Beacham
et al. 2021). In areas like the mid and upper Columbia
River and the Snake River, historical stock transfers
have eroded genetic distinctiveness among these groups

9/4/24, 10:47 PM
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(Myers et al. 1998; Narum et al. 2010), but they are still
managed separately. In this instance, the combination of
parentage-based tagging (PBT) with GSI can significantly
improve the accuracy of hatchery-origin fish assignment
(Hargrove et al. 2021). Currently, Chinook Salmon man-
agement in British Columbia (Beacham et al. 2022a) and
the Columbia River (Hargrove et al. 2021; Hess et al. 2024)
benefits from the use of PBT baselines.

The results of our real-world simulated mixtures
demonstrated the utility of these baselines throughout
many Chinook Salmon management areas. Although
leave-one-out simulations are highly informative for esti-
mating assignment accuracy, GSI simulations comprised
of mixtures that one would expect to encounter in real
management situations provided a better indication of
the performance that can be expected in practical appli-
cations with the baselines. By using geographically di-
verse fisheries with very different stock compositions, we
demonstrated the broad utility of this multi-tier baseline.
We expect that this new community resource will find ap-
plication in fishery management and harvest allocation as
well as in basic research on subjects such as stock-specific
estuarine habitat use (Weitkamp et al. 2022), migration
patterns (Teel et al. 2015), and marine mammal trophic
ecology (Hanson et al. 2021).

The tier 1 baseline that we constructed holds great value
for the wider fisheries management community. Without
previous coordination among the agencies that conduct sal-
monid GSI, SNP baselines have been created by individual
agencies focusing on their own specific locations and pri-
orities (e.g., Templin et al. 2011; Clemento et al. 2014; Hess
et al. 2016; Meek et al. 2016; Barclay et al. 2019; Beacham
et al. 2021). None of these baselines comprehensively en-
compasses the entire range of Chinook Salmon, which
could lead to misidentification when fish that are present
in a mixture come from outside of those baseline regions.
By implementing the multistage techniques outlined in this
work and by Hsu and Habicht (2024), agencies can continue
to utilize their established loci and baselines as the second-
stage reference while incorporating our tier 1 baseline in
the first stage—provided they are genotyping most (if not
all) of the 49 loci contained within tier 1. This approach as-
sures that occasional fish coming from unexpected regions
are identified correctly. Although we divided the tier 1 base-
line into three reporting groups, other researchers have the
flexibility to create more or fewer divisions as they see fit for
their specific needs.

Eventually, the expectation is that Pacific salmon
genetics laboratories will converge on a common set of
more than 300 molecular markers. This set could in-
clude some combination of SNPs and microhaplotypes,
which are combinations of phased SNPs that yield
multistate characters (Moran et al. 1997), providing an

https://afspubs.onlinelibrary.wiley.com/doi/epdf/10.1002/nafm.11019

exponential increase in power for GSI and mixture anal-
ysis (McKinney et al. 2017). These panels of markers will
include neutral and putatively adaptive SNPs and haplo-
types (Willis et al. 2021) as well as markers that are opti-
mized for parentage analysis (Steele et al. 2019). However,
convergence on common marker panels has been slow.
We believe that our internationally standardized baseline
will serve as a valuable resource until a more comprehen-
sive reference data set becomes available for mixed-stock
fishery analysis.
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Evidence of prevalent heat stress in Yukon River Chinook
salmon

Vanessa R. von Biela, Lizabeth Bowen, Stephen D. McCormick, Michael P. Carey, Daniel S. Donnelly,
Shannon Waters, Amy M. Regish, Sarah M. Laske, Randy J. Brown, Sean Larson, Stanley Zuray,
and Christian E. Zimmerman

Abstract: Migrating adult Pacific salmon (Oncorhynchus spp.) are sensitive to warm water (>18 °C), with a range of consequences
from decreased spawning success to early mortality. We examined the proportion of Yukon River Chinook salmon (O. tshawyts-
cha) exhibiting evidence of heat stress to assess the potential that high temperatures contribute to freshwater adult mortality in
anorthern Pacific salmon population. Water temperatures greater than 18 °C have occurred almost annually in the Yukon River
and correspond with low population abundance since the 1990s. Using gene transcription products and heat shock protein
70 biomarkers validated by field experiment, we identified heat stress in half of Chinook salmon examined (54%, n = 477) across
three mainstem locations and three tributaries in 2016-2017. Biomarkers tracked wide variation in water temperature (14-23 °C)
within a tributary. The proportion of salmon with heat stress differed between years at four of the six locations, with more
prevalent heat stress in the warmer year. This work demonstrates that warming water temperatures are currently affecting
northern populations of Pacific salmon.

Résumé : Les saumons du Pacifique (Oncorhynchus spp.) en migration sont sensibles a I’eau chaude (>18 °C), les conséquences
pouvant aller d’une diminution du succés du frai a une mortalité précoce. Nous avons examiné la proportion de saumons
chinooks (0. tshawytscha) du fleuve Yukon qui présentent des indices de stress thermique afin d’évaluer la possibilité que des
températures élevées jouent un role dans la mortalité en eau douce des adultes dans une population septentrionale de saumons
de Pacifique. Des températures de I’eau supérieures a 18 °C se sont produites presque chaque année dans le fleuve Yukon et
correspondent a de faibles abondances de la population depuis les années 1990. En utilisant des biomarqueurs de produits de
transcription génique et de la protéine de choc thermique 70 validés par une expérience de terrain, nous avons relevé un stress
thermique chez la moitié des saumons chinooks examinés (54 %, n =477) dans trois sites du cours principal et dans trois affluents,
en 2016-2017. Les biomarqueurs témoignent de grandes variations de la température de ’eau (14-23 °C) au sein d’un affluent. La
proportion des saumons présentant un stress thermique différe entre les deux années dans quatre des six sites, la prévalence du
stress thermique étant plus grande durant I’année plus chaude. Ces travaux démontrent que la hausse des températures de I'’eau
a actuellement une incidence sur les populations septentrionales de saumons du Pacifique. [Traduit par la Rédaction]

wildlife species encountering unsuitable temperatures at their
northern range extent. Pacific salmon (Oncorhynchus spp.) are an
ideal taxon for examining the possibility that fish and wildlife
species are already encountering unsuitable habitats at their
northern range extents. There is a long history of Pacific salmon
thriving at northern latitudes with a wide range of climatic con-
ditions (Finney et al. 2000). They occur over a broad geographic
distribution, and the negative effects of heat stress in the south-

Introduction

Air temperatures in the Arctic have warmed by more than 2 °C
since the late 19th century, disproportionally higher than the
0.8 °C rise globally during the same time period (Post et al. 2019).
Recently, the rate of Arctic warming has accelerated, with 0.75 °C
of the 2 °C increase occurring in just the last decade (Post et al.
2019). Indeed, the five warmest years on record globally have all
occurred since 2015 (NOAA and NASA 2020), and in Alaska four of

the five warmest years have occurred since 2014. The negative
effects of warming on Arctic specialist species have been widely
anticipated and increasingly well-documented (reviewed in Post
et al. 2019). A less obvious result of disproportionate and acceler-
ating warmth at high latitudes could be negative effects on more
generalist, broadly distributed Northern Hemisphere fish and

ern parts of their range have been well-documented (Crozier et al.
2008; Hinch et al. 2012). Heat stress is a cellular and physiological
stress response that can cause mortality and results from warm-
ing beyond suitable temperatures. High water temperatures may
cause mortality through several mechanisms, including increased
virulence of pathogens (McCullough 1999; Kocan et al. 2009;
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Fig. 1. Water temperatures recorded by the Alaska Department of Fish and Game during the seasonal peak of temperature in July near Pilot
Station, Alaska, 1996-2019. Data include all measurements made from both river banks. Averages were not calculated, as measurement frequency
varies across years from one or no measurements made each day by hand (2005 and prior) to consistent and frequent measurements at 4 h (2007-2011) or
hourly (2012-2019) intervals daily. Dashed lines indicate the two experimental temperatures, 18 and 21 °C, shown in this experiment to induce a low
and high level of heat stress, respectively. Data available at https:/fwww.adfg.alaska.gov/CF_R3/external/sites/aykdbms_website/Default.aspx.
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Miller et al. 2011), steep increases in metabolic rate that outstrip
energy resources (Rand et al. 2006), and an oxygen demand that
exceeds the heart’s capacity to deliver oxygen (Farrell et al. 2008;
Eliason et al. 2013). We hypothesized that water temperatures are
already warm enough to induce heat stress in migrating adults
near the northern range extent of Pacific salmon in Alaska’s sub-
arctic Yukon River.

The Yukon River is a subarctic, seasonally ice-covered, trans-
boundary river originating in Canada. It flows through the US
state of Alaska and terminates in the Bering Sea. The watershed
area (~850 000 km?) is the fifth largest in North America and
supports important Pacific salmon fisheries (Revenga et al. 1998;
Brabets et al. 2000). Despite the high latitude (~62°N to 67°N) and
ice-covered winters, summer water temperatures have consis-
tently exceeded typical thresholds associated with stress and ele-
vated mortality in migrating adult Pacific salmon (>18 °C) at lower
latitudes (~44°N to 50°N; McCullough 1999; Wagner et al. 2005;
Crossin et al. 2008; Keefer et al. 2008; Mathes et al. 2010; Strange
2010; Hinch et al. 2012; Bowerman et al. 2016). Indeed, water tem-
perature in the Yukon River during spawning migration met or
exceeded 18 °C in 85% of years, 19 °C in 70% of years, and 20 °C in
40% of years (n = 23 years: 1996-2019, except no data in 2006) at
Pilot Station, Alaska (Fig. 1). Surprisingly, the peak summer water
temperatures for the Yukon River are generally similar to that of
the Fraser River (Hinch et al. 2012), despite the Fraser River being
~3000 km further south. Fraser River sockeye salmon (Oncorhynchus
nerka) have been used as a model system for assessing heat stress
and related mortality that can exceed 90% in the warmest cases
(reviewed by Hinch et al. 2012). Even water temperature of 18 °C
can double adult sockeye salmon mortality rates compared with
cooler temperatures if the exposure is prolonged (i.e., weeks;
Crossin et al. 2008). Mortality of migrating and spawning adults
due to heat stress can undermine escapement-based management
practices and exacerbate population declines if a large compo-
nent of the individuals counted do not successfully reproduce.

Chinook salmon (Oncorhynchus tshawytscha) have been a manage-
ment focus in the Yukon River and broader Arctic-Yukon-Kuskokwim
(AYK) region of Alaska and Canada since a population decline
occurred in the late 1990s and failed to recover (Kruger and
Zimmerman 2009; ADF&G 2013; AYK-SSI 2013). The causes of the
initial population decline and failure to recover are unclear
(Kruger and Zimmerman 2009; ADF&G 2013; AYK-SSI 2013). Low
Chinook salmon numbers are a hardship for virtually all residents

Year

in the region given their key role in the local economies, food
security, and culture (ADF&G 2013). In contrast with other regions
with declining salmon populations across North America, fresh-
water and marine habitats are largely intact in the AYK region
with little development and sparse human populations (Brabets
et al. 2000). Evidence of heat stress in Yukon River salmon is
limited to anecdotal observations of listless behavior during
warm water periods (generally >20 °C) and the Pacific salmon
mortality event that occurred across Alaska in 2019, where car-
casses of various species were observed along migration corridors
with eggs retained (i.e., en route mortality) (various observations
from LEONetwork.org and media stories; Westley 2020).

Cellular and physiological biomarkers of heat stress precede
obvious behavioral changes, which provide an early warning of
heat stress that is often predictive of death (Miller et al. 2011;
Jeffries et al. 2012). Changes in gene transcription (mRNA) and
protein expression of heat shock proteins are natural biomarkers
of cellular stress that may provide information for assessing the
prevalence of heat stress in wild populations (Iwama et al. 1998;
Basu et al. 2002; Deane and Woo 2011; Jeffries et al. 2012). Many
genes and proteins are highly conserved among taxa and allow for
comparisons across a wide array of species (Welch 1993; Feder and
Hofmann 1999; Basu et al. 2002). These techniques require exper-
imental validation studies to demonstrate the response of specific
genes or proteins to high temperatures and establish the specific
signatures that reflect heat stress. Validations with model labora-
tory species and more southern wild populations have supported
the use of these biomarkers to identify heat stress in salmonids
(Feder and Hofmann 1999; Basu et al. 2002; Iwama 2004; Crossin
et al. 2008; Chadwick and McCormick 2017).

Here, we conducted an experimental temperature manipula-
tion with a subset of wild Yukon River Chinook salmon to validate
heat stress biomarkers and subsequently estimated the propor-
tion of adult Chinook salmon with heat stress biomarkers across
six collection locations in the Yukon River watershed that were
sampled in 2 years (2016 and 2017) with different water tempera-
tures. While differences in water temperatures were small be-
tween the 2 years, water temperatures in July of both years were
predominantly >18 °C and in a range where the Pacific salmon
heat stress response is known to be extremely sensitive. We clas-
sified each Chinook salmon as heat-stressed or not using thresh-
olds of muscle gene transcription levels and heat shock protein 70
(HSP70) abundance developed from the experiment. Gene tran-
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Table 1. Genes examined with their description, associated pathway, and references.
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Short

Full name name Function Reference
Heat shock protein 27 HSP27 Heat stress chaperone Basu et al. 2002
Heat shock protein 70 HSP70 Heat stress chaperone Iwama et al. 1999; Tsan and Gao 2004
Heat shock protein 90 HSP90 Heat stress chaperone Iwama et al. 1999; Tsan and Gao 2004
Leptin leptin ~ Metabolism: lipid liberation and storage Copeland et al. 2011
Th2-specific transcription factor Gata3 Immune system: initiates Th2 response in  Wang et al. 2010

the presence of parasites
Thi-specific interferon alpha, type I IFNa  Immune system: cytokines for viruses; Th1 Robertsen 2018)
Orthomyxovirus resistance gene 1 MX1 Immune system: antiviral activity Verrier et al. 2011
Thi-specific Tbox transcription factor thx21  Immune system: initiates Thl response in =~ Wang et al. 2010

the presence of intracellular pathogens
Aryl hydrocarbon receptor AHR  Immune system: inflammation and Th Quintana et al. 2008; Veldhoen et al. 2010

differentiation

Detox: oxidative metabolism regulator

Hydrocarbon-inducible cytochrome P4501A CYPIA Detox: oxidative metabolism enzyme Erdogan et al. 2011
Cyp1A superoxide dismutase SOD Detox: anti-oxidant enzymes Roberts et al. 2006
Metallothionein A MT-A  Detox: oxidative metabolism enzyme Erdogan et al. 2011; Vignesh and Deepe 2017

Note: Associated pathways indicate the function each gene is most associated with and is not comprehensive of all known roles.

scription levels were measured for a panel of 12 genes associated
with heat shock (HSP27, HSP70, HSP90), oxidative stress and detox-
ification (AHR, CYP1A, SOD, MT-A), immune system function (AHR,
thx21, Gata3, MX1, IFNa), and metabolism (leptin) (Table 1). The gene
transcription and protein biomarkers were examined jointly be-
cause they provide different snapshots of the heat stress response,
as gene transcription precedes protein translation, and the com-
bination of the two biomarkers may also help differentiate be-
tween moderate and severe heat stress (Lund et al. 2002; Lewis
et al. 2016).

Methods

Temperature manipulation experiment

A temperature manipulation experiment was conducted in the
lower Yukon River, adjacent to the Alaska Department of Fish and
Game’s (ADF&G) test fishery site (61.94716°N, 162.84161°W) at the
beginning of the spawning migration in June, when ambient wa-
ter temperatures were cooler to ensure that individuals had not
already experienced temperatures near or above heated treat-
ment conditions. Pilot Station is a mixed stock, and population
fishery and genetics (single nucleotide polymorphisms) estimates
the contributions of three major groups during the experiment
(mid-June 2018) were approximately 10% US lower Yukon, 40% US
middle Yukon, and 50% Canada (West and Prince 2019), such that
the experimental results are unlikely to be specific to a particular
stock or population. Genetic stock assignments are not available
for individual Chinook salmon. Across the Yukon River basin,
183 separate Chinook salmon spawning areas are known, with
32 areas being major producers, suggesting the potential for a
high number of genetic populations (Brown et al. 2017).

Sample size was determined in consultation with ADF&G man-
agers and was limited given the low population size of Yukon
River Chinook salmon. Briefly, up to three individual Chinook
salmon were acquired daily from the ADF&G test fishery across 9
consecutive days (n = 27) and randomly assigned to one of three
tanks: control (~15 °C), 18 °C, or 21 °C. The treatment tempera-
tures were selected because they already occur with some fre-
quency in the mainstem Yukon River as well as some tributaries
and headwater streams (Zuray 2010; Carlson and Edwards 2017;
Conitz 2018; Koch et al. 2020) (Fig. 1) and spanned the temperature
range associated with heat stress, decreased migration perfor-
mance, and increased mortality based on review of literature
(McCullough 1999; Goniea et al. 2006; Farrell et al. 2008; Keefer
etal. 2008; Martins et al. 2012). Water temperatures of 18 and 21 °C
are likely near the thresholds for detecting heat stress and the
upper temperature limit, respectively, for migrating Chinook

salmon (McCullough 1999). Animals were cared for in accordance
with the Guide for the Care and Use of Laboratory Animals (NAS
2011). This work was approved by the USGS Alaska Science Center
Animal Care & Use Committee (ACUC 2018-04) and under a permit
from the ADF&G (SF2018-132).

Treatment tanks were 587 L polyethylene stock tanks with a
liquid propane fueled heater to raise temperature, electric aquar-
ium heaters to maintain temperature, circulation pumps to pre-
vent thermal stratification, aerators to supplement dissolved
oxygen, and temperature loggers to record water temperature
every 5 min. Each experimental run lasted ~6 h with 1 or 2 h of
heating (18 and 21 °C, respectively) and a minimum of 4 h at the
treatment temperature. Prior experiments indicate that 4 h is
sufficient to elicit gene transcription and protein responses to
heat stress (Buckley et al. 2006). The rate of temperature rise to
treatment temperatures was 3.71 * 1.31 °C (mean * SD), with a
mean hold temperature 0f18.0 °C in the low heat stress treatment
(range =17.3-18.6 °C) and 20.9 °C in the high heat stress treatment
(range = 19.8-22.0 °C). Individuals in the control group were held
at a near consistent ambient water temperature until the comple-
tion of the heat treatments each day. Details of the heating and
control system used for these experiments can be found in
Donnelly et al. (2020).

All fish were sacrificed immediately following the 4 h period at
the target temperature by cranial stunning. All individuals in the
control and 18 °C groups survived the trial, but one individual that
began the 18 °C trial failed to acclimate to the tank and was re-
leased. Fifty-six percent (n = 9) of those in the 21 °C treatment
group survived and provided samples for this study. Mortality in
the 21 °C treatment is not surprising given that 21 °C has been
suggested as the upper thermal limit for migrating Chinook
salmon (McCullough 1999). Experimental mortality is discussed in
greater detail in Donnelly et al. (2020). Individuals that survived
the 21 °C treatment were not especially lethargic or moribund and
were similar in appearance and behavior to fish in other treat-
ments. Twenty-two individuals were used in the experimental
results, with nine in the control group, eight in the 18 °C treat-
ment group, and five in the 21 °C treatment group. Samples con-
sisted of three muscle biopsy plugs taken from the white dorsal
muscle above the lateral line and posterior to the operculum.
Muscle tissue was chosen because it can be sampled nonlethally in
adult salmonids with minimal training by those already staffing
monitoring sites. All samples were immediately placed in micro-
centrifuge tubes and then into a liquid nitrogen dry shipper. All
tissue samples were stored at -70 °C or below until laboratory
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Expected
Gene Primer name FP1 Primer name RP1rc amplicon (bp)
HSP90 Onts HSP90 F1 atgatcgggcagttcggtg Onts HSP90 Rirc agtgtcaactttgacagtgaa 140
HSP70 Onts HSP70 F1 gcaccctctectccagea Onts HSP70 Rirc ggtaccgeggaacaggtca 124
CYP1A Onts CYP1A F1 agacagtccgccaggctc Onts CYP1A Rirc agccttgtcggtgetgaag 115
AHR Onts AHR F gctecagatgtggtcaagt Onts AHR R gagtttgtccaggegaga 122
HSP27 Onts HSP27 F ctgacgctgagaaggtga Onts HSP27 R tagggcttggtcttgetg 135
MT-A Onts MT-A F atcttgcaactgcggtgg Onts MT-A R gacagcagtcgcagcaac 253
SOD Onts SOD F3 gagacaacaccaacggctgt Onts SOD R3rc gctectgeagtcacgttge 120
IFNg2 Onts IFNg2 F3 tataagatctccaaggaccag Onts IFNg2 R2rc ccagaaccacactcatcaac 100
MX1 Onts MX1 F1 ctgatgtggagaagaaaattcg Onts MX1 Rirc gcaggtcgatgagtgtgag 128
Gata3 Onts GATA F2 caagcgacgactgtctgca Onts GATA R3rc gaccgcaagcgttacacac 118
thx21 Onts TBX21F agtgaaggaggatggttctgag Onts TBX21R ggtgatgtctgegttctgatag m
IFNa Onts IFNa F cctgecatgaaacctgagaaga Onts IFNa R tttcctgatgagcteccatge 107
leptin Onts Lep F1 cttccatagtggagaccatg Onts Lep Rilrc ggcagcgtgatatcatccag 131
rpL8 Onts rpL8 F ttggtaatgttctgectgtg Onts rpL8 R gggttgtgggagatgactg 129
EFla Onts EFla F1 gcgtggtatcaccattgaca Onts EFla R2rc ctgagaggtaccagtgatca 120

work was conducted to assess the gene transcription and protein
abundance.

Experimental laboratory analyses

Genes are denoted in italic font (e.g., HSP70) and proteins are
denoted in plain font followed by the word “protein” (e.g., HSP70
protein) for clarity throughout. The particular genes selected for
this study are relatively well-studied, with heat shock genes se-
lected for their specific response to elevated water temperatures
and the remaining genes selected for their broad response to a
variety of stressors (references in Table 1). Gene transcription was
measured using quantitative real-time polymerase chain reaction
(qPCR) assays of mRNA at the US Geological Survey Western Eco-
logical Research Center in Davis, California, USA. Total RNA was
extracted from ground muscle tissue using the RNeasy Lipid Tis-
sue Mini Kit (Qiagen; www.qiagen.com). To remove contaminat-
ing genomic (g)DNA, extracted total RNA was treated with
10 U-pL of RNase-free DNase I (DNase, Amersham Pharmacia
Biotech Inc.) at room temperature (20-30 °C) for 15 min. The ex-
tracted RNA was stored in a —-80 °C freezer until analyzed.

A standard cDNA synthesis was performed on 2 g of RNA tem-
plate from each salmon. Reaction conditions included four units
reverse transcriptase (Omniscript, Qiagen, Valencia, California),
1 pmol-L! random hexamers, 0.5 mmol-L-! each dNTP, and 10
units RNase inhibitor, in reverse transcription (RT) buffer (Qiagen,
Valencia, California). Reactions were incubated for 60 min at
37 °C, followed by an enzyme inactivation step of 5 min at 93 °C,
and then stored at -20 °C until further analysis.

Briefly, 1 pL of cDNA was added to a mix containing 12.5 pL of
QuantiTect Fast SYBR Green Master Mix (5 mmol-L-* Mg?*; Qiagen,
Valencia, California), 0.5 pL each of forward and reverse sequence-
specific primers (Table 2), and 10.5 pL of RNase-free water; total
reaction mixture was 25 pL. The primers for HSP27, HSP70, and
HSP90 are specific to the inducible forms of these genes. The reac-
tion mixture cDNA samples for each gene of interest and refer-
ence genes were loaded into MicroAmp Fast Optical 96 well
reaction plates in duplicate and sealed with optical sealing tape
(Applied Biosystems, Foster City, California). Reaction mixtures
containing water, but no cDNA, were used as negative controls.

Amplifications were conducted on a QuantStudio 3 Real-time
Thermal Cycler (Applied Biosystems, Foster City, California), us-
ing the QuantStudio 3 software. Reaction conditions were as fol-
lows: an initial hold stage of 95 °C for 20 s, 40 cycles of 95 °C for1s,
and 60 °C for 20 s. The melt curve was 95 °C for 1, 60 °C for 20 s,
and 0.3 °C-s~! temperature increase, and then 95 °C for 1s.

We analyzed qPCR data using normalized values calculated as
the threshold cycle (C;) of the reference gene subtracted from the
C of the gene of interest, where C; is the amplification cycle that

allows for detection (Bustin 2002). Because samples with inher-
ently higher numbers of transcripts require fewer amplification
cycles for detection, lower normalized values indicate that more
transcripts are present. A change in normalized value of 2 is ap-
proximately equivalent to a fourfold change in the amount of the
transcript.

HSP70 protein abundance of the inducible form was analyzed at
the US Geological Survey S.0. Conte Anadromous Fish Research
Laboratory, Turners Falls, Massachusetts, USA. Muscle from the
dermal punch was separated from subdermal fat and skin and
weighed to the nearest milligram. All tissues were thawed and
homogenized with a Kontes Pestle Pellet handheld homogenizer
(Thermo Fisher Scientific, Hampton, New Hampshire, USA) in 10
volumes of SEID (150 mmol-L- sucrose, 10 mmol-L-! EDTA (ethyl-
enediaminetetraacetic acid), and 50 mmol-L-! imidazole, pH 7.3
plus 0.1% deoxycholic acid). Homogenates were centrifuged at
3000g for 7 min at 4 °C. A portion of the resulting supernatant was
immediately diluted with an equal volume of 2x Laemmli buffer,
heated for 15 min at 65 °C, and stored at -80 °C. A small volume of
supernatant was used to determine total protein concentration in
quadruplicate using the Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Hampton, New Hampshire, USA). Thawed sam-
ples were run on a 7.5% SDS-PAGE gel along with Precision Plus
protein standards at 5 pg in a reference lane (Bio-Rad Laborato-
ries, Hercules, California, USA). Dilution titration for tissue ho-
mogenates was completed to establish the range of linearity. A
total of 10 ng of muscle protein was loaded per sample. Two lanes
were reserved on each gel for a standard consistent tissue prepa-
ration as reference to control for blot-to-blot variation and to
allow for comparison across all treatments and locations. Follow-
ing electrophoresis, proteins were transferred to Immobilon
polyvinylidene difluoride (PVDF) transfer membrane (Millipore,
Bedford, Massachusetts, USA) at 30 V overnight in 25 mmol-L!
Tris, 192 mmol-L glycine buffer, pH 8.3. Equal loading was veri-
fied by reversible total protein staining with ponceau S. Samples
with unequal loading or alternate banding patterns were re-
moved from analysis. PVDF membranes were blocked with 5%
nonfat dry milk in PBST (phosphate buffered saline plus 0.1% Tri-
ton X-100) for 1 h at room temperature, rinsed in PBST, and ex-
posed to primary polyclonal antibody specific for the inducible
form of salmonid HSP70 (AS05061; Agrisera, Vannas, Sweden) at
1:25 000 dilution in PBST with 5% nonfat dry milk for 1 h at room
temperature. After rinsing in PBST, blots were exposed to goat anti-
rabbit IgG conjugated to horseradish peroxidase diluted 1:10 000 in
PBST and 5% nonfat dry milk for 1 h at room temperature. Blots were
washed in PBST and incubated for 1 min in a 1:1 mixture of enhanced
chemiluminescent (ECL) solution A (396 pmol-L! coumaric acid,
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Table 3. Sample size (n) and length (mean mideye to fork length * standard deviation in
mm) for field sampled Chinook salmon at sites in the Yukon River and tributaries in 2016
and 2017 along with the dates when sample collections occurred.

Location Year Sampling date n Length (mm)

Mainstem Yukon River

Emmonak 2016 10-18 June 45 801+113
2017 8-21 June 38 773%80.5

Rapids 2016 6-7 July 39 622111
2017 5-7 July 30 681111

Eagle 2016 11 July - 2 August 40 790+79.1
2017 16 July - 9 August 33 789%71.5

Tributaries

East Fork Andreafsky River 2016 30 June - 14 July 46 708+89.0
2017 23 June - 5 July 40 6481126

Gisasa River 2016 4-18 July 38 665197.6
2017 3-20 July 39 6681105

Chena River 2016 13-18 July 51 676+81.1
2017 18 July 38 775166

Note: Sample size reflects the number of individuals for which data were obtained for gene transcrip-

tion and HSP70 protein analyses.

2.5 pmol-L luminol, 100 mmol-L* Tris, pH 8.5) and ECL B (0.018%
H,0,,100 mmol-L* Tris, pH 8.5), and then digitally imaged and quan-
tified (Syngene PXi, GeneTools, Frederick, Maryland, USA). All blots
were normalized to the internal standard consistent tissue prepara-
tion and are represented as a ratio to the mean standard value that
we refer to as HSP70 relative abundance.

Statistical analyses of controlled experiment

Heat stress was inferred through differences between fish held
in the control and elevated temperature treatments that allow for
high classification accuracy (correct classification > 75%) for both
the gene transcript levels and HSP70 protein abundance. Follow-
ing separate statistical analyses for the two biomarkers, heat
stress classifications based on gene transcription and HSP70 pro-
tein were considered jointly, with indications of heat stress in
both biomarkers interpreted as more severe stress (Lund et al.
2002; Lewis et al. 2016).

A linear discriminate analysis (LDA) was used to identify the
combination of muscle gene transcript levels that best classified
individuals among the control and two elevated temperature
treatments. LDA was chosen as the data reduction technique, as it
explicitly attempts to model the difference among a priori
groups. Specifically, the “l1da” function in the MASS package of
R (Venables and Ripley 2002) was implemented to identify a
linear combination of the mRNA transcript values from genes
that results in maximum separation between the centers of the
groups while minimizing variation within the groups.

Data for all genes were examined to assess statistical assump-
tions of normal distribution and multicollinearity. The muscle
mRNA transcript data for leptin were removed because concurrent
investigations of similar data in Yukon River Chinook salmon that
were not part of the experiment revealed a violation of normal
distribution due to a high frequency of individuals without detect-
able levels of leptin and the need for any model developed from the
experimental results to be applicable to the broader population of
Chinook salmon. MT-A was also removed from the analysis due to
strong positive correlations (r > 0.60) with both HSP27 and IFNa
that were not dependent on a single influential point (i.e., outlier).

Given the small experiment sample size, a sequential reduction
in the number of genes in the LDA was preformed to limit the
number of genes used in the model and reduce overfitting. The
sequential reduction was based upon gene transcript data that
were centered and scaled prior to analysis so that coefficients
reflected the influence of each gene in the model. The least influ-
ential gene with the coefficient closest to zero (mean of LD1 and
LD2 coefficients weighted by the variation attributed to each LD)

was dropped from the analysis sequentially until the classification
rate fell below the desired threshold of 75%. The model that used
the fewest number of genes and still maintained a classification
rate of >75% was considered the preferred model. HSP70 protein
abundance was plotted and visually examined for the location of
a threshold that best separated fish among treatments. The mean
HSP70 abundance was compared among treatments using a one-
way analysis of variance (ANOVA).

Application of experimentally derived heat stress thresholds

Muscle biopsy samples were collected from 477 live Chinook
salmon during their spawning migration in the Yukon River wa-
tershed during summers of 2016 and 2017 (Table 3). The timing of
sample collection varied by sites to generally align with the peak
of spawning migration at each location. Collection locations were
annual management assessment projects or subsistence fishing
efforts that varied in capture methods. Chinook salmon were sam-
pled in Alaska at three locations on the mainstem Yukon River
and three tributaries. Mainstem sites sample a mix of popula-
tions, while tributary locations presumably sample a single pop-
ulation. Genetic stock identification is not routine at all collection
sites, nor are genetic assignments available for individual fish or
designed to identify the spawning population (West and Prince
2019). This work was approved by the USGS Alaska Science Center
Animal Care & Use Committee (ACUC 2017-08) and under permits
from the ADF&G (SF2016-186 and SF2017-167).

Mainstem Yukon River locations were near the mouth at Em-
monak (ADF&G test fishery gillnets), subsistence fish wheels in
the middle portion of the mainstem Yukon River (Rapids Fish
Wheel operated by Stan Zuray and others), and just before the
Canadian border at Eagle (ADF&G test fishery gillnets). Individuals
captured at the Rapids Fish Wheel are predominantly Canadian
stocks, as there are only two major spawning areas in the US
beyond there, and all individuals captured at Eagle are Canadian
stocks (Eiler et al. 2014; Brown et al. 2017). Upstream migration in
the main stem occurs primarily in June and July. Tributary collec-
tions occurred at weirs in the East Fork Andreafsky and Gisasa
rivers (US Fish and Wildlife Service) and electrofishing in the
Chena and Salcha rivers (ADF&G). Fish collected in the Chena and
Salcha rivers were grouped together for analysis because both are
components of the Tanana River with similar migration routes
and temperature histories. Sampling at all tributary locations oc-
curred primarily in July. In all cases, muscle biopsies were taken
within minutes of capture, including at the Rapids Fish Wheel
where individuals were sampled directly from the capture basket
and not the live-well holding box. This approach assumes that
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capture, short handling time (minutes), and differences in capture
methods described here have no effect on the cellular stress bio-
markers used because they require hours for response (Lund et al.
2003; Buckley et al. 2006). To date, there is no evidence that phys-
ical stressors and confinement can induce heat shock proteins in
fish, nor does cortisol (which does respond rapidly to stressors)
have direct effects on heat shock proteins (Deane and Woo 2011).
Moreover, the experimentally derived heat stress classifications
are developed by contrasting control fish with heated fish. Thus,
heat stress classifications are primary related to the water temper-
ature while minimizing the potential effects of capture and con-
finement that are more likely in tissue samples collected hours
after capture and confinement.

All laboratory analyses of gene transcription and HSP70 protein
were conducted in an identical fashion as above for the experi-
mental fish. The preferred LDA model for classifying experimen-
tal fish to their respective treatments was then applied to gene
transcript data from the field-sampled fish to classify each indi-
vidual as grouping with control fish that were not heat-stressed,
18 °C treated fish, or 21 °C treated fish. Only the experiment data
were used to estimate the model coefficients. Because the gene
transcript C; values of the field-sampled fish likely differed in
their gene-specific means and standard deviations from the exper-
iment fish, the classifications of field-sampled fish were based on
coefficients from a model that was refit with transcript data that
was not centered and scaled from experimental fish.

Assessment of experimentally derived models to identify
heat stress in field-sampled fish

A subset of field-sampled fish (n = 477), just those from the East
Fork Andreafsky site collected in 2016 and 2017 (n = 86), were used
to assess the experimentally derived thresholds to identify heat
stress. At this location, individuals have spent enough time in
fresh water (~200 river kilometres (rkm) over several days at a
minimum) to encounter warm water but have not traveled so far
that a reasonable assessment of their temperature history is diffi-
cult. At sites further upstream in the Yukon River watershed,
spans stretching hundreds of river kilometres lack water temper-
ature data and preclude a reasonable assessment of temperatures
previously encountered. Moreover, the individuals captured at
this location experienced a wide range of temperatures, including
seasonal increases that rose to >23 °C in 2016. The East Fork An-
dreafsky is one of only two major spawning populations that are
downstream from the experimental location and therefore could
not have contributed to the sample used in the experiment.

The relationships between results from each individuals heat
stress biomarkers were compared with the 3-day maximum water
temperature at the capture location (maximum temperature on
the day of and 2 days prior to capture based upon US Fish and
Wildlife Service water temperature data collected at East Fork
Andreafsky River weir every 15 min). The 3-day maximum temper-
ature from the capture location is a reasonable metric for recent
temperature history given that the capture location on the East
Fork Andreafsky River is just 43 rkm from the mainstem Yukon
River. While lower Yukon River Chinook salmon could travel that
distance in about 1-1.5 days (Eiler et al. 2015), warm water temper-
atures are known to decrease migration speeds by ~50% in Co-
lumbia River Chinook salmon (Goniea et al. 2006) and may result
in a travel time closer to 3 days if speed reductions with warming
temperatures are comparable. To assess the strength of gene tran-
scription data to identify heat stress caused by warm tempera-
tures, the 3-day maximum temperature was compared with the
LD1 value calculated for each fish captured in the Andreafsky
River using linear regression. LD1 values were predicted from each
individual’s gene transcription data using coefficients estimated
during the experiment. LD1 captured the majority (70%) of the
variability in the gene transcription data used to assigned individ-
uals among the control and experimental treatments (see Re-
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sults). Similarly, we plotted the HSP70 protein abundance relative
to the 3-day maximum temperature. Next, we tested whether the
presence of elevated HSP70 abundance was related to the 3-day
maximum temperature using logistic regression (values greater
than threshold set to 1 and values less than or equal to threshold
set to 0).

Heat stress proportions and water temperatures across the
Yukon River watershed

Each field-sampled fish was classified as heat-stressed or not
based on gene transcription levels and HSP70 protein abundance.
An individual was classified as stressed if the LDA equation devel-
oped from experiment fish classified the individual with Chinook
salmon treated at 18 or 21 °C or if their HSP70 protein abundance
exceeded 0.14, the experimental derived threshold. The propor-
tion of individuals with evidence of heat stress in either bio-
marker was calculated for each location and year. The proportion
of individuals with evidence of heat stress were compared be-
tween years at each site using a z test for independent propor-
tions.

Water temperature data were available from the mainstem Yu-
kon River and the three tributaries where Chinook salmon were
captured in 2016 and 2017. Mainstem Yukon River water temper-
atures were measured hourly by ADF&G in the lower river near
Pilot Station on the left and right sides of the river using HOBO Pro
v2 data logger. In the East Fork Andreafsky and Gisasa rivers,
water temperatures were measured every 15 and 20 min, respec-
tively, by US Fish and Wildlife Service at the weirs using HOBO Pro
v2 data loggers. In the Chena River, water temperatures were
measured every 15 min by the US Geological Survey at the gage
station near Two Rivers, Alaska (station number 15493000).
Monthly mean water temperatures were compared in each river
between years using a Welch’s t test for unequal variances for
qualitative comparison with interannual differences in the heat
stress proportions. All data and metadata associated with this
study is publicly available in von Biela and Donnelly (2020) and
von Biela et al. (2020).

Results

Temperature manipulation experiment

Heat stress was inferred through differences in gene transcrip-
tion of individuals in both the 18 and 21 °C treatment groups
compared with the control group. The mean and standard error
for all normalized qPCR data that reflected gene transcript levels
from each experimental treatment were calculated to visualize
input data used in the LDA (Fig. 2). The LDA produced two linear
combinations of the continuous predictor variables, LD1and LD2,
and established a threshold that classified individuals based on
their location in the ordination of LD1 and LD2. Data from the ten
genes that met statistical assumptions (HSP27, HSP70, HSP90,
Gata3, thx21, MX1, IFNa, AHR, SOD, and CYP1A) classified individuals
by treatment with 82% accuracy, with LD1 accounting for 61% and
LD2 accounting for 39% of the variability. Sequential model reduc-
tion to include fewer genes resulted in a preferred model with six
genes (HSP70, HSP90, Gata3, IFNa, AHR, and SOD) with a classifica-
tion rate among the three treatments of 77% (Fig. 3A). Misclassifi-
cation of individuals by the preferred model always involved the
intermediate 18 °C treatment. No individuals from the control
were classified with the 21 °C fish or vice versa. Among individuals
in the control group, classification was accurate in 88% of individ-
uals, with one misclassification to the 18 °C treatment. Similarly,
80% of individuals from the 21 °C treatment were correctly classi-
fied, and only a single fish was misclassified to the 18 °C treat-
ment. Classification rate was lowest among fish from the 18 °C
treatment at 63%, with one individual grouped with the control
and two individuals grouped with the 21 °C treatment. If the clas-
sifications are summarized as more simplistic control or heat-
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Fig. 2. The mean and standard error of normalized qPCR values for 12 genes in muscle tissue of Chinook salmon from individuals held in
three different temperatures: control (blue circles, river ambient, ~15 °C), 18 °C (orange squares), or 21 °C (red triangles). Because lower
normalized gene transcript values represent more transcripts present, the y axis is displayed in reverse order. A change in normalized value
of two is approximately equivalent to a fourfold change in the amount of the transcript. [Colour online.]
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treated (18 and 21 °C combined), 91% of individuals are correctly
classified by the LDA.

The LDA based upon centered and scaled gene transcript data
resulted in the following coefficients, with LD1 accounting for 70%
of the variability across the six genes and LD2 account for the
remaining 30%:

1) LD1 = 0.83HSP70 + 1.97HSP90 + 0.88Gata3 — 2.06IFNa
— 0.04AHR — 1.9650D

(2) LD2 = —1.06HSP70 — 0.07HSP90 — 0.07Gata3 — 7.04IFNa
+ 3.08AHR — 1.54S0D

Higher normalized qPCR values used in the analysis indicate
less mRNA transcript. For example, positive coefficients of LD1
indicate a higher normalized value from qPCR moving from left to
right along the LD1 axis, but less mRNA transcript. The first linear
discriminate axis, LD1, of the six-gene model accounted for 70% of
the variation in the genes examined and primarily separated in-
dividuals from the 21 °C treatment group from both the 18 °C
treatment and control groups (Fig. 3). The positive coefficients and
relative position of fish from the treatments in Fig. 3 indicated
that 21 °C treatment group had more transcript for the genes
HSP70, HSP90, and Gata3 and less transcript for [FNa and SOD com-
pared with control and 18 °C groups. The second linear discrimi-
nate axis, LD2, accounted for the remaining 30% of the variation
in the gene transcript data and primarily separated fish between
the 18 °C treatment and control groups (Fig. 3). Coefficients indi-
cated that fish from the 18 °C treatment group had more tran-
script from HSP70, IFNa, and SOD (i.e., negative coefficients
indicate a lower normalized qPCR value and more gene transcript,
moving upward along the LD2 axis in Fig. 3), but less AHR com-
pared with the control group. Coefficients for the genes HSP90 and
Gata3 were near zero for LD2 and indicated little influence in
distinguishing between the 18 °C treatment and control groups.

The reduced six-gene model was refit with data that was not
centered and scaled for application to Chinook salmon collected

Treatment

9 T T T
control18 °C 21 °C

across the Yukon River watershed that were not part of the exper-
iment. The formulae for LD1 and LD2 fitted by the analysis were

(3) LD1 = 0.67HSP70 + 1.08HSP90 + 0.13Gata3 — 0.36IFNa
— 0.02AHR — 1.2750D

(4) LD2 = —0.87HSP70 — 0.04HSP90 — 0.01Gata3 — 1.23IFNa
+ 1.09AHR — 1.00SOD

HSP70 protein abundance distinguished fish in the 21 °C treat-
ment group and was higher compared with both the 18 °C treat-
ment and control groups in muscle (ANOVA; F = 4.95, P = 0.02;
Fig. 3B). The threshold that separated HSP70 protein values be-
tween control and 21 °C fish with the fewest misclassifications was
0.14 (Fig. 3B). The threshold for HSP70 protein from muscle tissue
resulted in correct classifications for 93% of individuals overall,
with 100% correct classifications of fish in the control group and
80% correct classification of fish in the 21 °C fish treatment group.
Only the 21 °C treatment group elicited a detectable response in
both gene transcription and the HSP70 protein.

Assessment of experimentally derived model to identify
heat stress

Among Chinook salmon captured in the East Fork Andreafsky
River, the 3-day maximum water temperature was related to the
LD1 value of gene transcript data calculated based on coefficients
that were fit using only fish from the experiment (eq. 3; linear
regression, y =-0.92x + 17.6, t = -9.46, df = 84, 12 = 0.510, P < 0.001;
Fig. 4A). When the continuous LD1 variable is used to classify the
heat stress status of each Andreafsky River fish, an abrupt shift is
observed between 20 and 22 °C, where individuals switch from
being primarily categorized as unstressed (e.g., similar to experi-
mental control group) to all individuals categorized as high heat
stress fish (e.g., similar to the 21 °C treatment group; Fig. 4A).
Water temperature was also related to the presence of elevated
HSP70 protein abundance (logistic regression, deviance = -55.7,
df =1, P < 0.001; Fig. 4B). Each degree of increase in temperature
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Fig. 3. Results from a linear discriminate analysis (A) used to reduce mRNA abundance of six genes (HSP70, HSP90, Gata3, IFNa, AHR, and SOD)
to two linear discriminate axes (LD1 and LD2) and HSP70 protein abundance (B) in muscle tissue of Chinook salmon from individuals held in
three different experimental temperatures: control (blue, river ambient, ~15 °C), 18 °C (orange), or 21 °C (red). Shapes indicate the model
prediction for each individual with either the control (open circles), 18 °C (filled squares), or 21 °C (filled triangles) treatment group. The
dashed line in panel B is the proposed threshold for elevated HSP70 protein that distinguishes heat stress, and points in this panel are spread

out (i.e., jittered) so that data are more visible.
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resulted in a 4.3-fold increase in the odds of elevated HSP70 (log-
odds ratio = 1.46). The 3-day maximum water temperature associ-
ated with a 50% probability of elevated HSP70 protein was 17.8 °C.

Heat stress proportions and water temperatures across the
Yukon River watershed

Gene transcription and HSP70 protein abundance results (Fig. 5)
were available for 477 Chinook salmon captured in the Yukon
River and three spawning tributaries (Table 3). Across all capture
locations and both study years, heat stress was identified using
gene transcription and protein biomarkers in more than half of
Chinook salmon examined (54%, n = 477). The overall evidence of
heat stress was summed across individuals for which heat stress
was only indicated by gene transcription (15%), only indicated by
HSP70 protein (20%), or indicated by both biomarkers (19%).

The proportion of Chinook salmon with evidence of heat stress
was higher in 2017 than in 2016 at the three locations further
upstream: Rapids Fish Wheel (18% in 2016 versus 97% in 2017, z =
4.45,P < 0.001), the Chena River (45% in 2016 versus 64% in 2017, z=
3.12, P = 0.002), and Eagle (38% in 2016 versus 64% in 2017, z = 2.12,
P = 0.028; Fig. 6). Among individuals captured at the East Fork
Andreafsky River, heat stress was more common in 2016 (98% in
2016 versus 18% in 2017, z=-4.90, P < 0.001; Fig. 6). The proportion
of fish with heat stress was similar between years for fish captured
at Emmonak (31% in 2016 versus 34% in 2017, z = 0.30, P = 0.764)
and in the Gisasa River (66% in 2016 versus 77% in 2017, z = 1.08,
P =0.282).

Water temperatures in the mainstem Yukon River were warm
during both years, although not extremely so in the context of the
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Fig. 4. The LD1 gene (A) and HSP70 protein abundance (B) plotted against the maximum 3-day water temperature for Chinook salmon
captured at the East Fork Andreafsky River weir during spawning migrations in 2016 and 2017 (n = 86). LD1 gene is calculated based on gene
transcript data for each individual fish and gene-specific model coefficients fit based on experiment results (preferred model). Symbol color
and shape reflects the heat stress classifications based on predictions fit with experiment data. Field-sampled individuals categorized as
unstressed were similar to experimental control fish (blue circles), and individuals classified with heat stress were distinguished between heat
stress similar to 18 °C experiment group (orange squares, LD1 genes only) or the 21 °C experiment group (red triangles). [Colour online.]
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last decade (Fig. 1). Mainstem mean water temperatures at Pilot
Station were similar between the 2 years in June (Table 4; t test, t =
0.65, df = 2701, P = 0.517) and August (t test, t = 0.40, df = 1612,
P =0.693), but differed in July (t test, t =-13.6, df = 2964, P < 0.001),
with July 2017 being warmer than July 2016 (Table 4). Water tem-
peratures were also warmer in 2017 than 2016 in the Gisasa River
during July (¢ test, t = -32.8, df = 2213, P < 0.001) and Chena River
during June (t test, t = -12.4, df = 4952, P < 0.001), July (t test, t =
-53.6, df = 4553, P < 0.001), and August (t test, t =-38.9, df = 3749,
P < 0.001). In contrast, water temperatures at the East Fork Andre-
afsky River weir were warmer in 2016 during the second half of
June (data only available for 15 to 30 June; t test, t = 32.4, df = 2553,
P < 0.001) and July (t test, t = 21.5, df = 4334, P < 0.001).

Discussion

This study provides evidence that heat stress is prevalent in
migrating adult Chinook salmon near their northern range ex-
tent in the Yukon River. Given the established links between heat
stress and increased mortality, warm water temperatures may
already contribute to population-level consequences for Yukon

River Chinook salmon and the failure to recover from declines
that began more than two decades ago. Because water temperature
data are limited prior to population declines in the late 1990s, the
possibility that warming temperatures contributed to the initial de-
cline is difficult to assess. Our experiment identified gene transcrip-
tion and HSP70 protein response consistent with heat stress at two
water temperatures (18 and 21 °C) that regularly occur during the
spawning migration. The experimental fish response was used to
train biomarker classification models that subsequently identi-
fied field-captured individuals as heat-stressed or not and allowed
heat stress to be summarized as a proportion. More than half of
the field-captured Chinook salmon had evidence of heat stress in
at least one biomarker. The proportion of heat-stressed fish varied
between years at most locations, with higher heat stress propor-
tions estimated in the warmer year. Between the two biomarkers,
the HSP70 protein is a more straightforward, cost-effective tool
for identifying and monitoring heat stress in future studies, and
gene transcription results provided a deeper understanding of
how warm temperatures disrupt processes in the body and helped
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Fig. 5. Boxplots of LD1 genes (A) and HSP70 protein abundance (B) for spawning Chinook salmon captures across the Yukon River watershed
in either 2016 (navy, lower boxplot for each location) or 2017 (purple, upper boxplot for each location) in relation to results from an
experimental temperature manipulation (green). Dashed lines reflect the threshold for identifying heat stress. Heat stress is indicated by
values lower than the LD1 threshold and higher than the HSP70 protein threshold. In each boxplot, the horizontal line is the median, the
upper and lower ends of the box are the first and third quartiles, and the whiskers extend to the highest and lowest values that are within the
1.5x interquartile range. Outliers are not shown.
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Fig. 6. A map depicting the percentage of Chinook salmon in each capture location (black circles) and year with evidence of heat stress.
Paired stacked bar charts reflect the heat stress classifications from gene transcript and HSP70 protein for fish captured in summer 2016 (left)
and 2017 (right). Fill reflects the proportion of individuals in each of the four heat stress categories: hatched green = no evidence of heat stress
in either gene transcription or HSP70 protein; gold = heat stress identified only in gene transcription; red = heat stress identified in gene
transcription and elevated HSP70 protein; and dotted purple = heat stress identified only by elevated HSP70 protein). Numbers near each bar
are the sum across the three categories that identified heat stress presence. The white star is the location of the temperature experiment near
Pilot Station, Alaska, USA. An asterisk (*) prior to the capture location name denotes a significant difference (P < 0.05) in the heat stress
proportion between capture years. Map created in ArcMap 10.7 (Esri, Redlands, Calilfornia, USA) with selected rivers from the National
Hydrography Dataset (US Geological Survey 2015) and shorelines from Wessel and Smith (1996).
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Table 4. Mean (+ standard deviation) and maximum monthly water temperatures (°C) for the mainstem Yukon River
and sampled tributaries in June, July, and August of 2016 and 2017.

June July August
River Year Mean Max. Mean Max. Mean Max.
Yukon River 2016 15.3%1.4 19.6 18.3+0.9 20.1 16.1+0.4 17.6
2017 15.3%1.8 18.2 18.7+1.0* 20.3 16.1+1.8 18.7
East Fork Andreafsky River 2016 16.2+2.3* 22.2 17.242.3* 23.2 —
2017 14.0%1.5 21.7 15.9%1.8 20.5 —
Gisasa River 2016 — 15.2+2.0 20.5 —
2017 — 17.1+1.5* 21.2 —
Chena River 2016 8.6711.5 12.2 8.28%1.6 131 7.6610.7 9.3
2017 9.22+1.7* 131 10.5+1.3* 13.6 9.05+1.8* 13.7

Note: Water temperature data for the East Fork Andreafsky River in June are incomplete and begin on 15 June. No data are available
in June for the Gisasa River or August for the East Fork Andreafsky or Gisasa rivers. Water temperature records are only collected at the
East Fork Andreafsky and Gisasa rivers when staff are present at weirs to monitor Pacific salmon escapement.

*Denotes the warmer water temperature in interannual monthly comparisons at each river (P < 0.05).

identify potential mechanisms linking heat stress to mortality
(also see Bowen et al. 2020).

Temperature manipulation experiment

Gene transcript biomarkers successfully identified a cellular
response to 18 and 21 °C, while the HSP70 protein response only
distinguished fish in the 21 °C treatment group. The differences in
mRNA and protein response identified here largely agree with
previous studies of Pacific salmon in southern regions of their
range, namely the upregulation of heat shock genes and proteins
and differential immune system response (Evans et al. 2011; Miller
et al. 2011, 2014; Jeffries et al. 2014). This study is the first to
identify a cellular stress response to elevated temperature from a
high-latitude Pacific salmon population.

An increase in the transcription and protein abundance of heat
shock proteins is the hallmark of the heat shock response
(Lindquist 1986). Thus, it was no surprise that HSP70 and HSP90
were influential in distinguishing heat stress in muscle tissue or
that the HSP70 protein alone was able to correctly classify individ-
uals to the 21 °C treatment in all cases. The transcription and
protein abundance of heat shock proteins exhibit a ubiquitous
increase in response to elevated water temperature in past studies
regardless of tissue type (Palmisano et al. 2000; Basu et al. 2002;
Iwama 2004; Buckley et al. 2006; Evans et al. 2011). A differential
response between the heat shock protein genes was evident be-
tween the 18 and 21 °C treatment groups, with both HSP70 and
HSP90 contributing to classification of the 21 °C group; HSP90
responded more strongly based upon the magnitude of the coef-
ficients in the model. In contrast, the 18 °C treatment group was
distinguished by elevated HSP70 in the LDA model with little in-
fluence of HSP90.

Immune system genes were differentially expressed in the mus-
cle tissue 0f 18 and 21 °C treatment groups compared with control
fish. Immune system responses to heat stress have often been
documented in Pacific salmon and include examples from gill and
cardiac tissue (McCullough et al. 2009; Evans et al. 2011; Miller
et al. 2011; Jeffries et al. 2012; Anttila et al. 2014). The immune
response in muscle tissue has been less frequently studied in fish,
but muscle is known to be immunologically active (Valenzuela
et al. 2017) and is a common site of disease and infection in Pacific
salmon (Meyers et al. 2019). Inmune system genes retained in the
final model were related to two pathways of T helper (Th) cells,
Th1l immune response (I[FNa) and Th2 immune response (Gata3)
(citations in Table 1). Within our results, an influence of the Th1
immune gene IFNa was consistent with upregulation at 18 °C but
downregulation at 21 °C. The Th2 immune gene Gata3 was upregu-
lated at 21 °C, but no clear influence was present at 18 °C. The
upregulation of Thlimmune response seen in the 18 °C treatment
is typical of acute stressors and reflects an appropriate immune
defense, while the Th2 response seen in the 21 °C treatment is

typical of a chronic response and immune suppression that can be
detrimental (Tort 2011). Still, data reflected the changes in just two
of many genes that are part of the immune system and did not
provide a full picture of the immune system response. Concurrent
results from an analysis of the entire transcriptome for individu-
als included in this experiment offers more insight to the com-
plexity of the immune system response to warming temperatures
(Bowen et al. 2020).

Immune system genes may respond to temperature if warming
increases activity of latent pathogens in the body of the fish
(Crossin et al. 2008; Miller et al. 2011, 2014). Many pathogens occur
at chronic low levels in fish under normal circumstances and are
poised to respond when conditions are more suitable (Arkoosh
et al. 2004; Miller et al. 2014). Although there are likely many
pathogens present, the most studied pathogen in Yukon River
Chinook salmon is the parasite Ichthyophonus hoferi that causes
inflammation in several tissues including muscle (Kocan et al.
2004; AYK-SSI 2013). Disease progression for fish infected with
I. hoferi is known to be faster in warmer water (Kocan et al. 2004),
but it is not clear whether the short (~6 h) duration of this exper-
iment would allow enough time for the response of a latent patho-
gen. Without an independent assessment of pathogen load or
even a synoptic examination of pathogens in Yukon River Chi-
nook salmon, interpreting the cause of differential responses
among immune system genes following exposure to heat is spec-
ulative. Still, the response of the immune system and immune
genes is a consistent feature in heat-stressed salmon (McCullough
et al. 2009; Evans et al. 2011; Miller et al. 2011; Jeffries et al. 2012;
Anttila et al. 2014) and warrants further study about the potential
for pathogens to exacerbate stress and mortality with warming in
Alaska Pacific salmon.

Warming was associated with differential expression of a gene
closely linked with contaminants (AHR and SOD; Wheelock et al.
2005; Arellano-Aguilar et al. 2009; Erdogan et al. 2011; Uno et al.
2012). AHR transcripts were lower in the 18 °C treatment, while
SOD transcripts declined with warming and contributed to distin-
guishing fish from both the 18 and 21 °C treatments. Decreased
expression of genes related to detoxification of xenobiotics has
been associated with heat stress (Veldhoen et al. 2010; Lapointe
et al. 2011; Tomalty et al. 2015), as well as hypoxia (Rahman and
Thomas 2012) and pathogens (Reynaud et al. 2008). Although the
mechanisms involved are unclear, decreased expression of genes
involved in detoxification may simply indicate a reallocation of
resources to the more substantial stressor.

Assessment of experimentally derived models to identify
heat stress

The experimentally derived models for gene transcription and
the HSP70 protein used to identify heat stress performed well in
an independent assessment using Chinook salmon captured in a
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lower Yukon River tributary, the East Fork Andreafsky River.
Salmon captured when water temperatures had recently ex-
ceeded 21 °C were all identified by the model as being similar to
fish treated with 21 °C based on gene transcription response (rep-
resented by LD1, Fig. 4A). Moreover, differences in gene transcrip-
tion were related to recent maximum water temperature across
the whole range of observed temperature values. Elevated HSP70
protein was also strongly related to water temperature (Fig. 4B),
with an inflection point separating unstressed and heat stress
individuals near 18 °C, the presumed heat stress threshold for
migrating adult Pacific salmon based on our literature review (see
Introduction).

Very few individuals in the East Fork Andreafsky River had gene
transcription results similar to fish treated with 18 °C despite
water temperature data suggesting that several individuals re-
cently experienced water temperatures between 18 and 21 °C
(Fig. 4A). In the experiment, a lower level of heat stress could be
detected in the gene transcript response but not the HSP70 pro-
tein response; the opposite appeared to be true in the assessment
of Andreafsky fish. A HSP70 protein response identified heat
stress for nearly all individuals captured when water tempera-
tures had recently exceeded 18 °C (98%, n = 40) in the tributary. It
appears that prolonged exposure to temperatures near 18 °C (or
increased time since exposure) may have resulted in an HSP70
protein response in field-sampled Chinook salmon, which was not
apparent in the acute experiment. This hypothesis is supported by
laboratory studies that indicate that HSP70 protein abundance
first appears after 2 h of exposure to elevated temperature and
peaks and stays elevated for 24-72 h (Lund et al. 2003). This pos-
sibility is also supported by evidence of increased HSP70 mRNA
levels in individuals treated with 18 °C that would presumably
have resulted in more HSP70 protein in time. The gene transcrip-
tion signature that defined our 18 °C treated individuals, captured
by LD2, may be relatively fleeting. Indeed, a gene transcription
response similar to that of individuals treated with 18 °C was
rarely (5%, n = 477) observed in field-sampled Chinook salmon
across all locations in the Yukon River watershed.

Heat stress prevalence

Heat stress was prevalent (>50% of individuals) at all locations in
at least one of the two study years, except near the river mouth at
Emmonak (Figs. 5 and 6). Lower and consistent rates of heat stress
for individuals passing through Emmonak agree with the cooler
water temperatures that occur early in the migration during June.
Heat stress was prevalent in 2017 at all three upper watershed
locations (Rapids, Chena River, and Eagle), but not 2016, in agree-
ment with warmer temperatures in the mainstem Yukon River
(Fig. 6). Within the East Fork Andreafsky River, a lower Yukon
River tributary, an opposite interannual difference was observed
consistent with the local water temperatures in the tributary. The
lack of coherence in water temperature interannual variation
among rivers is likely related to differences in the hydrology and
atmospheric conditions across the distinct regions of the water-
shed (Brabets and Walvoord 2009). The East Fork Andreafsky River
differs from the rest of the watershed in terms of its lower eleva-
tion and gradient (Olsen et al. 2010) and closer proximity to the
Bering Sea, which results in more of a maritime climate as com-
pared with middle and upper river tributaries (Brabets et al. 2000).

Results for Chinook salmon captured in the Chena River may be
among the most surprising and informative given that water tem-
peratures are often cool in the Chena, Salcha, and greater Tanana
rivers watershed owing to a higher influence of cold groundwater
and glacier melt (Brabets et al. 2000; Walvoord and Striegl 2007). It
appears that prolonged (weeks) exposure to warmer water tem-
peratures in the mainstem Yukon River during the spawning
migration was still detectable when individuals were captured in
the Chena River’s cooler water further upstream. Chinook salmon
captured in the Chena River have spent ~24 days in the mainstem
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Yukon River (~1100 km) and ~11 days in the cooler Tanana and
Chenarivers (~500 km) assuming a migration speed of 45.8 km-day—!
for Chena River Chinook salmon (Eiler et al. 2015). Note that individ-
uals may spend more or less time in each of these rivers given that
migration speeds are known to decline with warm temperature
(Goniea et al. 2006) and as migration progresses (Eiler et al. 2015).

Similarity in results among fish captured from the three sites
(Rapids, Chena River, and Eagle) further upstream in the Yukon
River watershed suggests that long stretches of shared migration
corridors may synchronize the influence of heat stress among
populations. Synchrony in any attribute of Pacific salmon across
populations has usually been interpreted as a reflection of their
shared conditions during ocean residency (e.g., ocean tempera-
ture, feeding conditions), as the natal freshwater habitats of each
population can have dramatic differences in environmental con-
ditions (Hare et al. 1999; Mueter et al. 2002). Synchrony as a result
of shared migration corridors is rarely considered because this
phase is short relative to the life-span of the fish, many attributes
are set prior to river entry (e.g., body length), and not all water-
sheds have a long, shared migration route like the Yukon River.

In addition to thermal stress, heat stress biomarkers can be
induced by a variety of environmental factors (Deane and Woo
2011), including social stressors and lack of food (Currie et al.
2010). In our studies, the wide variation in heat stress rates be-
tween study years within locations provided additional confi-
dence that heat stress classifications were robust to changes in
gene transcription and HSP70 protein during the spawning migra-
tion that are associated freshwater entry, sexual maturation, and
senescence (Evans et al. 2011; Miller et al. 2011; Carey et al. 2019).
Our sampling focused on collections that occurred in migration
corridors and used only live fish sampled within minutes of cap-
ture. The thresholds developed here for identifying heat stress are
likely inappropriate for Chinook salmon captured on spawning
grounds or collected as carcasses. Among the locations included
in this study, the applicability of these thresholds is most uncer-
tain for individuals collected near Emmonak. This location is the
closest to the river mouth where fish undergo a major physiolog-
ical shift from salt water to fresh water that may result in shifts to
gene transcription and HSP70 protein abundance (Evans et al.
2011). Indeed, any detection of heat stress at this location is sus-
pect because water temperatures were cool (generally <15 °C) at
the time of collection, and there was no reason to suspect previ-
ous exposure to warm water temperatures at this time of year.
Moreover, gene transcription and HSP70 protein values are just
above the threshold for heat stress detection (Fig. 5).

The Gisasa River was the only location where heat stress was
prevalent in both study years, and no interannual difference in
heat stress proportion was detected despite warmer temperatures
in 2017. The high heat stress proportions in both years may simply
reflect that Chinook salmon reach the Gisasa River weir at the
seasonal peak of water temperatures in mid-July. The largest ob-
served Pacific salmon mortality event within the Yukon River
watershed during the 2019 heatwave was also located within the
same portion of the Yukon watershed (Koyukuk River) in mid-July
with chum salmon (Oncorhynchus keta) that have similar migration
timing (Westley 2020). The only other site with a strong overlap in
sample collections and peak water temperatures was in the much
cooler Chena River, where individuals likely move into cooler
tributary waters prior to the seasonal maximum temperature in
the mainstem Yukon River in mid-July.

Here, we did not have the data necessary to consider the effects
of population on the response of heat stress biomarkers. Previous
studies have indicated that populations with a long-term history
of warmer water temperatures have physiological adaptations
that moderately increase thermal tolerance and performance
(Eliason et al. 2011). The potential for similar population-specific
adaptations to spawning migration temperatures appears un-
likely within the Yukon River Chinook salmon because nearly all
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Yukon River Chinook salmon populations encounter warm water
during their upstream migrations. Thus, the variability in water
temperature experience among populations might be too weak to
elicit or detect variability in thermal tolerance in Yukon River
Chinook salmon. Still, we cannot rule out the effects of variability
in water temperatures of spawning and rearing habitats on ther-
mal tolerances among populations.

Conclusions

The evidence presented here was consistent with routine, prev-
alent heat stress for Chinook salmon near their northern range
extent in the Yukon River. Three major findings support this con-
clusion. First, the experiment and field results from the East Fork
Andreafsky River agreed with the general presumption that water
temperatures near 18 °C approximate the threshold of heat stress.
Second, water temperatures routinely exceeded this threshold
during the spawning migration each July over the last two de-
cades. Third, gene transcription and HSP70 protein levels identi-
fied prevalent heat stress during field sampling in 2016 and 2017,
years when outward signs of heat stress were nearly nonexistent.
The cellular stress response used to identify heat stress in this
study is an adaptive response that can protect cellular function
for just a limited amount of time in a relatively narrow tempera-
ture range. To this point, heat stress often predicts en route and
prespawn mortality or reduced reproductive success because
warm temperatures often exceed the protection afforded by the
cellular stress response (Evans et al. 2011; Miller et al. 2011; Jeffries
et al. 2012). In light of the findings presented here, the unusual
mortality of Pacific salmon species along migration routes during
the record-breaking warmth and low water level of 2019 (e.g.,
Westley 2020) is not surprising. The mortality observations pro-
vide additional evidence that water temperatures are already high
enough to cause mortality among Pacific salmon populations
near their northern range extent. The apparent absence of car-
casses in previous years does not infer a lack of mortality because
carcasses initially sink at death and are rarely observable in large
turbid rivers (Farrell et al. 2008) like the Yukon River. Indeed, the
low water levels may be a key reason that carcasses were observed
in 2019 and not previous years with warm water temperatures.

This work has immediate implications for management consid-
erations and research priorities, particularly in the context of
projections that universally forecast continued warming (Post
et al. 2019). This study is the first to confirm that freshwater tem-
peratures are stressful to Pacific salmon migrating in a northern
river. Results here raise concerns that unaccounted mortality may
result in an overestimation of Pacific salmon spawning success in
warm water years. Spawning abundances are the primary data
used to assess management success in escapement-based manage-
ment. In fact, the productivity (log recruits per spawner) of Chi-
nook salmon populations across several southcentral Alaska
watersheds was recently shown to decline steeply when spawning
water temperatures exceed 18 °C, the same water temperature
threshold identified for heat stress in this study (Jones et al. 2020).
More research is needed that links water temperature, heat stress,
and mortality in northern rivers to assess the sensitivity of popu-
lation dynamics to environmental conditions during the spawn-
ing migration. Useful studies for assessing the severity and scale
of this threat include expanding water temperature and heat
stress monitoring to additional northern watersheds, simple sur-
veys of egg retention on spawning grounds (e.g., prespawn mor-
tality), large-scale tagging studies to estimate en route mortality
rates, and physiological experiments to identify lethal tempera-
ture and dissolved oxygen thresholds (e.g., aerobic scope).
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INTRODUCTION

Air temperatures have warmed more rapidly at northern lat-
itudes compared to other areas of the globe, resulting in reduced
snow and ice across northern landscapes (Post et al. 2019). The
consequences of these climate conditions include warming of
freshwater habitats and shifts in the hydrograph in some loca-
tions (Hinzman et al. 2005; O’Reilly et al. 2015; Beamer et
al. 2017; Littell et al. 2018; Pitman et al. 2020). For decades,
biologists predicted that warming and drying of northern
freshwaters will eventually lead to declines in coldwater fishes,
including salmonids (i.e., family Salmonidae) throughout their
distribution (Houghton et al. 1990; Russo et al. 2014; Schoen
et al. 2017). In the summer of 2019, these concerns became
tangible in Alaska when record high temperature and per-
sistent drought conditions (ACRC 2020) coincided with
observations of Pacific salmon Oncorhynchus spp. premature
mortality in the northern portion of their range (Figure 1).
The annual average air temperature was 3.4°C warmer in 2019
than the long-term average (1925-2000; National Oceanic
and Atmospheric Administration: www.ncdc.noaa.gov/cag).
Drought conditions lasted 79 weeks (July 2018 — January 2020;
National Integrated Drought Information System: www.droug
ht.gov) and were caused by warm air temperatures that melted
snowpack earlier in the year and, in the southern half of
Alaska, below normal snowpack and below normal summer
rains (Fisher et al. 2019a; ACRC 2020).

Declines in multiple salmon populations throughout more
southerly parts of their range in the Pacific Northwest have
been associated in part with premature mortality caused by poor
environmental conditions along migration corridors and on
spawning grounds (Goniea et al. 2006; Strange 2012; Hinch et al.
2021). Premature mortality is the death of upstream-migrating
adult Pacific salmon before spawning and encompasses the terms
en route mortality along migration corridors and prespawn
mortality on spawning grounds (Bowerman et al. 2016; Keefer
et al. 2017; Hinch et al. 2021). Warm water temperatures, low
dissolved oxygen, or low water levels can cause high rates of pre-
mature mortality, in some cases exceeding 90% of total returning
adults (Strange 2012; Sergeant et al. 2017; Tillotson and Quinn
2017; Hinch et al. 2021). In Alaska, observations and studies that
associated poor freshwater conditions and premature mortality
do exist prior to 2019, but are more localized (Murphy 1985;
Sergeant et al. 2017; Tillotson and Quinn 2017), and are presum-
ably due to Alaska’s cooler conditions and more abundant fresh-
waters compared to the southern portion of their range.

Our goal was to evaluate whether observed Pacific salmon
premature mortalities in 2019 were due to atmospheric con-
ditions. The first objective was to assemble opportunistic
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Widespread mortality of Pacific salmon Oncorhynchus spp. returning to spawn in Alaska coincided with record-breaking air tem-
peratures and prolonged drought in summer 2019. Extreme environmental conditions are expected to happen more frequently
with rapid climate change and challenge the notion that Alaska could indefinitely provide abundant, cool freshwater habitat for
Pacific salmon. A total of 110 geographically widespread opportunistic observations of premature mortality (carcasses) were
collected from a variety of sources. Premature mortalities were documented for Pink Salmon Oncorhynchus gorbuscha, Sockeye
Salmon O. nerka, Chum Salmon O. keta, Chinook Salmon O. tshawytscha, and Coho Salmon O. kisutch. Additionally, observations
of Pink Salmon returning to spawn in Prince William Sound streams in 2019, obtained from systematic aerial surveys conducted
annually, revealed low migration success in 87% of rain-driven streams (n = 30), 52% of snow-driven streams (n = 65), and only
18% of glacier-driven streams (n = 11). Salmon mortality observations were consistent with death due to heat stress resulting
from high water temperatures or drought caused hypoxia and stranding. Developing a better understanding of how broad-scale
climate patterns manifest at the stream scale can help us determine whether a major shift in Pacific salmon productivity is under-
way and inform fisheries management plans to better mitigate future risks.

observations of Pacific salmon premature mortalities during
2019 to describe the geographic extent and species affected.
If mortalities were in response to atmospheric conditions, we
anticipated widespread geographic observations of multiple
affected species. The second objective was to better understand
how the impact of the anomalous conditions were mediated
by local habitat conditions such as the source of streamflow
in rivers (i.e., rain, snow, or glacier). Available data for this
objective were categorical observations of migration success
acquired during routine escapement surveys of Pink Salmon
Oncorhynchus gorbuscha returning to 134 streams in Prince
William Sound (PWS) conducted by the Alaska Department of
Fish and Game (Morella et al. 2021). We expected that migra-
tion success would be lowest in rain-driven systems, which
tend to dry quickly during drought conditions, and highest in
glacier-driven systems, which tend to provide greater amounts
of stored water from snow and glaciers (Sergeant et al. 2020).

PREMATURE MORTALITY OBSERVATIONS
Methods for Premature Mortality Observations

An observation was defined as one or more Pacific salmon
carcasses along a migration route or an unspawned carcass
(i.e., a carcass containing gametes) on a spawning ground.
Carcasses along migration routes were either trapped on river-
banks, sandbars, and dried streambeds or floating in the water.
Most observers (87%, n = 110) did not explicitly note gamete
retention to classify a carcass as a premature mortality. Rather,
carcass observations were presumed to reflect premature mor-
talities based on location and time of year. For example, a car-
cass found along a migration route and well downstream of a
spawning habitat was considered a premature mortality. The
associated data release (von Biela and Stanek 2021) specified
which observations included confirmation of gamete retention
from internal examination of some carcasses and which did not.
Each observation was specific to a location, time period, and
species such that a single observer generated multiple observa-
tions in the database when more than one species was noted.

Observations from four sources were included in the
database: (1) the Local Environmental Observer Network
(LEONetwork.org), initiated by the Alaska Native Tribal
Health Consortium, which provides local observers with a plat-
form to share information that helps describe the connections
between climate, environment, and public health; (2) reports
to the Alaska Department of Fish and Game’s Arctic-Yukon-
Kuskokwim Region by community members or staff; (3) social
media reports and traditional media articles; and (4) directed
emails from the lead author to selected individuals to assess
whether a lack of observations from particular geographic areas
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Figure 1. Maps depicting (A) 6-month air temperature rank for the Pacific salmon spawning period (May-October) in all boroughs
(i.e., counties) in Alaska. (B) The high-pressure system associated with peak air temperatures in July 2019. (C) Drought extent for
a representative week in July 2019. (D) Drought extent for a representative week in August 2019. For A, red indicates the warmest
6-month period on record for each borough (record length varies from 81 to 95 years). For C and D, colored shading represents
drought severity, with yellow being the least severe and red the most severe. Sources: Panel A was generated using the National
Oceanic and Atmospheric Administration (NOAA) National Center for Environmental Information Climate at a Glance Mapping
Tool (https://bit.ly/3ILtqwq), Panel B is a NOAA Climate.gov image based on the National Center for Atmospheric Research/Na-
tional Centers for Environmental Prediction Reanalysis data provided by the NOAA Earth System Reearch Laboratory Physical
Sciences Division, and Panels C and D are from the U.S. Drought Monitor (https://bit.ly/3239zaZ).

were a true reflection of geographic scope or simply a reflection
of biases or limitations inherent in the first three sources.
While the level of detail varied among observations,
all observations included identification of carcasses to at
least genus, month, and a location (e.g., specific river, lake,
or beach). Other observation details were sometimes col-
lected and included: additional location detail (descriptive
narrative or latitude and longitude), number of carcasses
observed (estimated by order of magnitude or counted),

water temperature, observer name, and a website link to the
report. If latitude and longitude were not provided with an
observation, they were assigned by the first author based on
the narrative location description provided. Observations
were grouped into one of eight geographic regions identified
by colloquial names that typically refer to the large river(s) or
marine waterbodies where rivers and streams flow (Figure 2).
All mortality observations in the database were made in riv-
ers, streams, and estuaries.
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Figure 2. Premature mortality observations of Pacific salmon carcasses in Alaska during the summer and fall of 2019. Symbol
color and shape denotes Pacific salmon species or alternative taxonomic groupings specified in the legend. Symbols denoting
Chinook Salmon mortalities are slightly larger so that they remain visible, since these observations often occurred at locations
with carcasses of another Pacific salmon species. Region names referenced in the text are shown on the map and are colloquial.
Three regions are named for their large river(s): Yukon (outlined in light gray to separate it from Norton Sound to the north and
Kuskokwim to the south), Kuskokwim, and Matanuska-Susitna. Four regions are named for marine waterbodies that their rivers
and streams flow into: Norton Sound, Bristol Bay, Cook Inlet, and Prince William Sound, respectively. One region, the southern-

most portion of Alaska, is named Southeast Alaska.

Estimates of carcass abundance reported here were used
only for descriptive purposes. Carcass detection and counts of
Pacific salmon are known to underestimate actual mortality
(Patterson et al. 2007). Not only is it difficult for observers
to get accurate counts of visible carcasses, but carcasses sink
and cannot be seen in large, deep, and turbid river systems
(Patterson et al. 2007) that characterize much of Alaska,
and can also be removed by bears and other wildlife. Carcass
count estimates were grouped into three categories: (1) abun-
dant when >1,000 carcasses were reported, (2) moderate when
>100 and <1,000 carcasses were reported, and (3) low when
<100 carcasses were reported. We categorized the infrequent
observations without a carcass count as a low count.

Results for Premature Mortality Observations

We collected a total of 110 observations of Pacific salmon
premature mortalities in 2019 (Figure 2). Only four obser-
vations (3.6%) were identified as “Pacific salmon” rather
than a specific species. Of the remaining observations, 60
(54.6%) were for Pink Salmon, 20 (18.2%) for Chum Salmon
O. keta, 15 (13.6%) for Sockeye Salmon O. nerka, 6 (5.5%) for
Coho Salmon O. kisutch, and 5 (4.5%) for Chinook Salmon
O. tshawytscha. Observations of mortality occurred across
many regions in Alaska, including Norton Sound, Yukon,
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Kuskokwim, Bristol Bay, Matanuska-Susitna, Cook Inlet,
and PWS (Figure 2). Only a single observation of premature
mortality was identified in Southeast Alaska, despite an effort
by the authors to specifically seek out additional observations.

Most observations (89%) included an estimated carcass
count. The number of carcasses for a single observation
ranged from 1 to 35,000. Overall, 53 (48.2%) observations
estimated abundant carcasses (>1,000). Most observations
with abundant carcasses were of Pink Salmon from PWS
(47 observations) and involved drought so severe that low
water or the absence of water prevented individuals from
reaching spawning grounds (Figures 3, 4). The remaining
instances with abundant carcasses involved Sockeye Salmon
from Bristol Bay (three observations), Sockeye Salmon from
Matanuska-Susitna (one observation from Larson Creek),
Chum Salmon from the Yukon (Figure 5; one observation
from the Koyukuk River; Westley 2020), and Coho Salmon
from PWS (Figure 6). Observers often included additional
details they deemed important about the biophysical set-
tings associated with carcasses, including warm water tem-
perature, low water level, low dissolved oxygen, and high fish
density.

The remaining observations were split among moderate
(2100 and <1,000; 24.5%) and low carcass numbers (<100;
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Figure 3. Image of a Pink Salmon premature mortality obser-
vation consisting of a large number of carcasses in Hogan
Creek (Hogan Bay), Knight Island, Prince William Sound, Alas-
ka, in early September 2019 during a field study conducted by
the Prince William Sound Science Center. Photo credit: Brad
von Wichman, Babkin Charters.

27.3%). Observations with moderate numbers of carcasses
included Chum Salmon (29.6%) from Yukon, Bristol Bay,
or PWS; Sockeye Salmon (29.6%) primarily from Bristol
Bay; Pink Salmon (25.9%) primarily from PWS and Norton
Sound; and Coho Salmon (14.8%) from Cook Inlet streams.
Observations with low numbers included Chum Salmon
(36.7%) primarily from the Yukon, Pink Salmon (20%) from
Yukon and Norton Sound, Chinook Salmon (16.7%) from
Yukon and Bristol Bay, Pacific salmon not identified to species
(13.3%), Sockeye Salmon (10%) from Bristol Bay and Norton
Sound, and one observation of Coho Salmon in Norton
Sound (3.3%). A set of 11 observations of unusual mortality
for species other than Pacific salmon were also included in the
database.

RELATING MIGRATION SUCCESS TO STREAMFLOW SOURCE
IN PRINCE WILLIAM SOUND
Methods for Relating Migration Success to Streamflow
Source in Prince William Sound

In PWS, observations from a set of 134 salmon spawning
index streams annually monitored by the Alaska Department
of Fish and Game (ADFG; Morella et al. 2021) provided
an opportunity to better understand how migration success
corresponds to primary watershed runoff sources (i.e., rain,
snow, or glacier ice). Index streams are surveyed systemati-
cally and have been used in the management of PWS Pink
Salmon since the 1960s to monitor escapement across the
~1,000 streams that produce Pink Salmon. Aerial surveys
occur approximately weekly during the spawning migration

Figure 4. Image of a Pink Salmon premature mortality observation in St. Matthews Creek, Prince William Sound, Alaska, 2019.
This image was taken in a tidally influenced area following a high tide event that allowed Pink Salmon to enter the lower river,
but did not provide enough time or water for spawning or further upstream migration. This picture is representative of obser-
vations in several Prince William Sound streams during 2019. Photo credit: Charles Russell.
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Figure 5. Image of representative male (top) and female (bot-
tom) summer Chum Salmon carcasses from an observation
that included more than 1,000 carcasses in July 2019 on the
Koyukuk River, Yukon watershed, Alaska (Westley 2020). Tes-
tes and eggs were determined to be underdeveloped, which
confirmed that mortalities were premature and en route and
was consistent with observation location on a migration cor-
ridor and not a spawning ground. Several carcasses had signs
of fungal growth consistent with bacterial columnaris infec-
tion. Photo credit: Stephanie Quinn-Davidson.

months of July and August. A single biologist (C. Russell,
ADFG) categorized migration success in each index stream as
high, medium, or low during routine aerial overflights to index
salmon abundance in 2019. Categories were based on com-
parisons of Pink Salmon counts associated with three loca-
tions for each stream: marine bay staging waters, the stream
mouth, and the spawning area. Streams with high migration
success were those where abundance in marine bay staging
waters was similar to that in the stream mouth and spawning
area. Streams with medium migration success had noticeably
fewer individuals reach the spawning area compared to the
abundance in marine bay staging waters, while those catego-
rized with low migration success had far fewer Pink Salmon
reach the spawning area. This analysis complemented direct
mortality observations by using aerial survey information to
characterize migration success, not only carcass observations
included in the observation database.

We used a Fisher’s exact test to test the hypothesis that migra-
tion success in individual streams during drought was associated
with the primary runoff source in the watershed. From the original
set of 134 surveyed salmon spawning index streams, we identified
primary runoff sources for 106 streams by matching latitude—
longitude survey positions to watershed polygons of an existing
streamflow classification for the Gulf of Alaska coast (Sergeant
et al. 2020). Index streams with drainage areas <5 km? could not
be classified and were removed from the analysis (n = 28). Rain
source streams have hydrographs with maximum discharge in fall
or winter; snow source streams have maximum discharge in spring
or summer with a secondary maximum in fall; and glacier source
streams have maximum discharge in summer without a secondary
maximum in fall. Specific snow source classifications are based
on differences in timing and amplitude of discharge maximums.
Snow-II and Snow-IV source streams differ from Snow-I and
Snow-II1 source streams in having larger watersheds and higher
maximum discharges due to greater glacier areas (2-4% vs. 0-1%).
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Figure 6. Image of a Coho Salmon premature mortality obser-
vation in Ibeck Creek, Cordova Prince William Sound, Alaska,
2019. Photo credit: Jeremy Botz, Alaska Department of Fish
and Game.

Because glaciers are an important and dynamic driver of
streamflow patterns in PWS (Sergeant et al. 2020), we used
logistic regression analysis to predict the probability of either
reduced or high migration success. To represent a binary
migration success outcome, we grouped low and medium
migration success into a “reduced” migration success category
with a binary response of 1 and assigned high migration suc-
cess a binary response of 0. Responses were compared to the
proportion of glacier(s) present in each watershed (glm func-
tion in R statistical software [Vienna] with binomial error).
Glacier ice spatial extent (area) in each watershed was esti-
mated using the Randolph Glacier Inventory, version 3.2
(Pfeffer et al. 2014).

Results for Relating Migration Success to Streamflow
Source in Prince William Sound

Migration success of Pink Salmon returning to PWS
streams was significantly associated with a stream’s primary
runoff source (Fisher’s exact test; P = 0.0005). Low migration
success was observed in 87% of Rain-I streams (n = 30), 75%
of Snow-I streams (n = 8), 41% of Snow-II streams (n = 41),
89% of Snow-IIT Streams (r = 9), and 43% of Snow-IV
streams (n = 7). In contrast, most Pink Salmon runs return-
ing to Glacier-I streams had high migration success (82% of
streams; n = 11; Figure 7). The proportional glacier coverage
in a watershed was a significant predictor of binary migration
success (high vs. reduced; P < 0.001). The inflection point of
the logistic regression, where the probability of reduced migra-
tion success = 0.5, occurred at 18% glacier coverage (Figure 8).
Across the 28 watersheds with some proportion of glacier ice
coverage, 64% of Pink Salmon runs to streams with <18% cov-
erage (n = 14) were observed to have reduced migration success,
while only 21% of Pink Salmon runs returning to streams with
>18% coverage (n = 14) had reduced migration success. Most
(97%) Pink Salmon runs returning to streams with no glacier
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Figure 7. Observed summer 2019 migration success of Pink Salmon returning to streams in Prince William Sound (PWS), regularly
surveyed for spawning salmon by the Alaska Department of Fish and Game. Colored circles indicate migration success, where
green = high, orange = medium, and red = low. Polygons with black outlines represent individual watersheds with coastal outlets
draining into PWS (thin line = not surveyed; thick line = surveyed). Polygon colors correspond to the primary runoff source. Bar
chart represents counts of streams by streamflow class (as defined by Sergeant et al. 2020) that correspond with the three migra-
tion success categories.

climate warming: high temperatures, high pressure ridges,
and drought. Opportunities for a cooling marine influence
ors were reduced because marine waters were abnormally warm,
as evidenced by the northeastern Pacific marine heatwave of
2019 and low September sea ice extent (ACRC 2020; Amaya
et al. 2020). Mortality observations extended from Norton

Probability of reduced migration success
°
3

Proportion glacier in watershed
Figure 8. Probability of reduced spawning success (high vs.
low or medium) for Pink Salmon returning to different Prince
William Sound streams relative to the glacier proportion in a
watershed. Gray shading represents a 95% confidence band.
Gray tick marks at top and bottom of the horizontal axis indi-
cates actual observations.

ice coverage (i.e., 0%) in the watershed experienced reduced
migration success.

DISCUSSION
The first-documented widespread Pacific salmon mor-
tality event in Alaska was related to a convergence of
persistent climate extremes consistent with long-term

Sound in northwest Alaska through PWS in south-central
Alaska (~1 million km?), and included all five Pacific salmon
species present. This geographic extent aligns with the area of
record-breaking air temperatures and drought (Figure 1). The
notable exception was Southeast Alaska, which experienced
warm temperatures and drought, but had just one mortality
observation. Conditions may have been more manageable for
Pacific salmon returning to Southeast Alaska streams because
the warm air temperature anomalies were more moderate and
summer rainfall totals were higher on an absolute basis com-
pared to other regions of Alaska (ACRC 2020).

In PWS, migration success of Pink Salmon runs was
reduced (low and medium migration success categories) in
nearly every rain- and snow-driven stream (Figure 7). Low
water and dry stream channels associated with drought con-
ditions seemed to be the primary barrier to migrating Pink
Salmon. Drought also impacted some glacially influenced
streams, including most streams with less than 18% glacial
coverage in their watersheds. Reduced migration success was
pervasive in rain-driven streams, common in snow-driven
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Pacific salmon premature mortality and spawning success in 2019
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Figure 9. A conceptual model contrasting different conditions associated with Pacific salmon premature mortality in Alaska
during record heat and drought in 2019, with conditions associated with typical levels of spawning success. Map (top right)
shows selected mortality observations in Yukon and Prince William Sound (PWS) regions from Figure 2. Pictures of Pacific salm-
on species included in mortality observations from the Yukon region (top left) and PWS region (top center). Plot panels show
maximum (max) daily water temperature (red line) and mean daily discharge (blue line; axes have different scales), contrasting
physical conditions in three different streams during spawning migration (gray shading is mortality observation timing; no ob-
servations in right panel). lllustrations along the bottom depict Pacific salmon spawning outcomes under three different condi-
tions. Left panel shows how prolonged, high water temperatures causes heat stress mortality of Pacific salmon when the upper
thermal limit reached the Yukon River (water temperatures from Alaska Department of Fish and Game and discharge data from
U.S. Geological Survey [USGS] gage station 15565447, Pilot Station; dashed line is 18°C water temperature threshold associated
with heat stress from von Biela et al. 2020). Center panel shows representative PWS rain-driven stream where thousands of
Pink Salmon carcasses were observed (water temperature and discharge data from USGS gage station 15215900, Glacier River,
Cordova, glaciers actually outside this watershed). Also depicted are two ways in which drought causes hypoxia mortalities:
(1) low and declining discharge reduced dissolved oxygen and increased crowding; (2) near zero discharge in August and early
September inhibited upstream migration; thus, Pink Salmon entering intertidal regions on high tides or during an early Septem-
ber rain event were stranded at low tide or when the rain ended. Right panel shows representative PWS glacier-driven stream
where Pink Salmon achieved high migration and spawning success in 2019 (water temperature and discharge from USGS gage
station 15236900, Wolverine Creek, Whittier; gage located well above spawning areas, where water temperatures were not as
cold). Figure design and illustration by Cecil Howell.

streams, and rare in glacier-driven streams. Our results sup-
port the perspective that understanding the local stream- or
population-scale response to broad-scale climate forcing
requires consideration of physical watershed characteristics
as well as population-specific traits such as escapement abun-
dance and run timing.

The propensity for spawning Pacific salmon to be influ-
enced by water temperature and streamflow is well known
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(Rand et al. 2006; Quinn 2018; Dahlke et al. 2020). A recent
meta-analysis revealed that across nearly 700 fish species,
spawning adults had a narrower thermal tolerance with a
cooler maximum temperature limit as compared to juveniles
and nonspawning adults (Dahlke et al. 2020). The most likely
cause for temperature sensitivity in spawning adults appears
to be a reduced cardiorespiratory (aerobic) capacity associated
with the energetic demands of gamete production (Dahlke
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et al. 2020). Cardiorespiratory capacity has been specifically
identified as a limitation for spawning Pacific salmon in warm
temperatures (Eliason et al. 2011) and is thought to explain
the high rates of mortality with warm water temperatures in
Fraser River Sockeye Salmon, as well as disproportionate neg-
ative effects on females, because they must produce energy-
dense eggs (Quinn 2018; Hinch et al. 2021). Particularly
difficult years for spawning salmon are occasionally apparent
and provide examples where extreme atmospheric conditions
resulted in particularly high mortality. For example, Pacific
salmon spawning migrations in the U.S. Pacific Northwest
during 2015 faced a similar set of environmental anomalies
as Alaska in 2019, including record-breaking warm tem-
peratures, low streamflows associated with drought, and the
2014-2016 Pacific marine heatwave (Crozier et al. 2020). This
resulted in almost complete premature mortality among Snake
River Sockeye Salmon and unusually high premature mortal-
ity among Snake River Chinook Salmon (Crozier et al. 2020).

Observations reported here are part of an emerging pic-
ture that biological tipping points are being reached for
Alaska’s Pacific salmon, where warming switches from ben-
eficial to detrimental in some locations, years, and life stages.
In western Alaska, evidence of heat stress was detected in
about half of spawning Yukon River Chinook Salmon sam-
pled during 2016 and 2017, when migration water tempera-
tures exceed 18°C (von Biela et al. 2020). Jones et al. (2020),
in a south-central Alaska study, also documented the neg-
ative effects of water temperatures above 18°C on annual
measures of Chinook Salmon production. Unfortunately,
protracted periods (weeks to a month) of summer water tem-
peratures above 18°C are anticipated to be more common
in south-central Alaska (e.g., Matanuska-Susitna and Cook
Inlet regions) over the next 50 years (Shaftel et al. 2020). The
opportunistic observations we collected reinforce concerns
raised in these studies and identify additional Pacific salmon
populations where detrimental effects from warming may
also be emerging.

Premature Mortality Observations

The large number of premature mortality observations,
involvement of multiple Pacific salmon species, and wide geo-
graphic distribution of the observations are consistent with a
response to large-scale atmospheric conditions in 2019. While
carcass detections grossly underestimate the true levels of pre-
mature mortality, Patterson et. al. (2007) noted that anecdotal
carcass reports provide some of the earliest indicators of en
route losses as mortality observations often occur in runs where
negative discrepancies between en route escapement projections
and final spawner escapement estimates are later identified. In
fact, other data from 2019 also indicated unusually high levels of
premature mortality in the Yukon region where carcasses were
observed. High en route mortality for Yukon Chinook salmon
was consistent with a large and negative discrepancy between
the prediction of Canadian-bound fish estimated from the lower
river monitoring station in Pilot Station, Alaska, and estimates
at the Canadian border, which resulted in a Canadian fishery clo-
sure (JTC 2020). Similarly, summer Chum Salmon abundance in
the Koyukuk River portion of the Yukon was well below average
at both the Gisasa River and Henshaw Creek weirs, which were
located upriver from areas where many carcasses were observed
(Brenner et al. 2020).

Several factors preclude us from drawing conclusions about
the number of premature mortality observations associated with

each species, since observations were opportunistic and did not
come from a designed study. For example, carcass detection was
likely higher for more abundant species, clearer streams, shal-
lower streams, warmer streams, and more frequented locations
(Patterson et al. 2007). Indeed, all of these observation biases are
present for observations of Pink Salmon, the most frequently
reported species. Pink Salmon are far more abundant than the
other species in Alaska (Brenner et al. 2020); there was a high
degree of survey effort by the ADFG, and most PWS streams
surveyed were clear and shallow since peak drought conditions
occurred during the time spawning surveys were conducted.

Relating Migration Success to Streamflow Source
in Prince William Sound

Conditions in the PWS region prior to and during the 2019
Pink Salmon spawning migration were unusual, and migration
success varied widely (Figure 7). While April snowpack condi-
tions were normal at higher elevations, snow melted early at lower
elevations (Fisher et al. 2019a). For example, there was no snow in
the Lowe River and Valdez in April, when normally snow depth
would be 0.82 m and 0.71 m, respectively (Fisher et al. 2019a). Air
temperature anomalies were warm in March and April, which
melted snow at lower elevations, and warm from June through
August, along with low precipitation (Fisher et al. 2019b).

Most regions of PWS include examples of Pink Salmon
runs with high, medium, and low migration success, with high
and low migration success streams often occurring in adja-
cent watersheds. Southern PWS’s large islands (Montague,
Hinchinbrook, and Hawkins) were the exception, with Pink
Salmon migration success universally reduced to low and
medium levels. Different streamflow sources among water-
sheds reliably predicted Pink Salmon migration success. Pink
Salmon runs to rain- and snow-driven streams were vulnerable
to the drought, with rain-driven systems being most vulnera-
ble. Glacier-driven streams were generally buffered from the
drought because glacier melt water provided a more reliable
source of streamflow. Southern PWS’s large islands have min-
imal glacier coverage and nearly all their watersheds are rain-
driven, which explains why migration success was universally
reduced there. Our results align with predicted climate change
impacts, particularly increasing temperatures and drought
severity in Arctic and subarctic watersheds that reduce the
snowpack available for enhancing streamflow during summer
and fall (Nilsson et al. 2015; Littell et al. 2018).

In PWS streams, Rain-I and Snow-II watersheds accounted
for the largest number of streams with reduced migration suc-
cess. Throughout the coastal Gulf of Alaska, these two water-
shed types account for 27% of the 4,140 watersheds that have
been classified (Sergeant et al. 2020), suggesting that stream
response to drought conditions could have been more wide-
spread across southern Alaska. Snow-driven watersheds in
this area are anticipated to continue shifting toward snow-rain
transitional hydrographs through the end of the 21st century
(Littell et al. 2018). Based on the results presented here, that
streamflow transition would also confer a higher likelihood
of reduced salmon migration success during summer drought
conditions. While our analysis indicated that watersheds with
glacier coverage greater than 18% appear to be somewhat
buffered from low summer flows, modeling in southern coastal
Alaska predicts the magnitude of summer flow will decrease
as glacier volumes continue to diminish (Beamer et al. 2017,
Pitman et al. 2020). In current times, short-term glacier melt
can also be so rapid that it causes anomalously high flows
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that impede migration (Valentin et al. 2018). Indeed, high
flows in PWS’s glacierized Copper River appeared to impede
the migration of radio-tagged Sockeye Salmon near Wood
Canyon in 2019 and resulted in a high rate (>50%) of en route
mortality for the component of the run migrating during mid-
season (P. S. Rand, unpublished data).

In glaciated southern coastal Alaska (Cook Inlet through
Southeast Alaska), two primary mechanisms have been
described in which drought leads to adult salmon mortal-
ity despite generally cool (<15°C) freshwater temperatures:
(1) exposure to lethally low dissolved oxygen levels due to
reduced reaeration rates from lower water turbulence at low
discharges and increased respiration due to high salmon den-
sity (Sergeant et al. 2017; Tillotson and Quinn 2017), and (2)
stranding in channels that dry up as the tide ebbs (Murphy
1985; P. S. Rand, personal observations).

Prior to 2019, observations of drought-related mortality
occurred in just a few streams during a particular year and tended
to involve a few thousand carcasses or fewer (C. Russell, personal
observations). Two exceptions were 1991 and 2004, when drought
and related mortalities were widespread within PWS (ADFG
records reviewed by Russell). However, 2019 conditions differed
from those in 1991 and 2004 because marine water temperatures
were also warm and reached at least 18°C in July (R. Campbell,
Prince William Sound Science Center; unpublished data from
central PWS). Some Pink Salmon appeared to respond to warm
marine water temperatures by entering cooler streams (<13°C;
PS. Rand, unpublished data collected above the high tide line in
PWS streams) earlier than normal (e.g., July instead of August).
The intensity of die-offs in some PWS Pink Salmon streams may
also be exacerbated by high rates of straying of hatchery-origin
fish into natural streams, which, by increasing fish density and
dissolved oxygen demand prior to spawning, can lead to density-
dependent hypoxia. Hogan Creek, where a significant die-off event
was observed, is comprised mostly of hatchery-origin Pink Salmon
(>50% during 2013-2015; Knudsen et al. 2021), and had markedly
higher fish densities, leading to a greater risk of premature mor-
tality among natural-origin fish than would otherwise be the case.

Synthesis

Our three plots of water temperature and discharge
(Figure 9) show the wide range of freshwater temperatures and
flows under warm air temperature and drought conditions that
occurred in Alaska during 2019, and also led us to identify three
main causes of premature mortality when examined in con-
junction with observations of carcasses: heat stress due to high
water temperatures, hypoxia due to drought, and stranding due
to drought. This did not occur in PWS’s glacier-driven streams,
where glacier runoff continued to provide a cold and stable
water source. Elsewhere in Alaska, it is likely that glacial runoff,
as well as cool groundwater sources, provided similar successful
outcomes for migrating and spawning of Pacific salmon.

The strongest support for high water temperature as a cause
of premature mortality came from the Yukon region salmon
carcass observations in conjunction with available temperature
and discharge data (Figure 9; ADFG temperature data and U.S.
Geological survey [USGS] discharge data at station 15565447
from Pilot Station, Alaska). Other studies have also identified
a heat stress response in several species of Pacific salmon in
water near 18°C and mortalities in water ranging from 21°C to
25°C (McCullough 1999; Strange 2010; Donnelly et al. 2020;
von Biela et al. 2020). For Yukon River Chinook Salmon, von
Biela et al. (2020) reported heat stress during 2016 and 2017,
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when water temperatures were less extreme than in 2019 (von
Biela et al. 2020). In 2019, the Yukon River had a maximum
daily water temperature >18°C for 44 consecutive days (June 13
— July 26) and >21°C for 9 consecutive days (July 9-17). Pacific
salmon mortality observation dates were well correlated with
dates when water temperatures associated with mortality were
reached (>21°C). Mortality observations in the Yukon region
were first reported on July 10, just 1 d after the first daily max-
imum water temperature was >21°C, while the latest mortality
observations were made in early August, just after maximum
daily water temperatures fell to <18°C. Other factors may have
also contributed to mortalities, including hypoxia, reduced
streamflow from drought, and pathogens.

The strongest support for drought as a cause of premature
mortality was in PWS Pink Salmon carcass observations in
conjunction with aerial survey estimates of migration success
and stream discharge information. Stream discharge levels
dropped through July, but high densities of Pink Salmon still
had enough water to move into streams. This combination of
less water and many salmon likely caused hypoxic conditions
that led to mortality observations in July (Figure 9). By August,
water levels were often too low for upstream movement, and
arriving Pink Salmon appeared to congregate in cooler (<13°C)
and deeper PWS marine waters, where they were occasionally
visible during aerial surveys in areas of cold water upwelling.
This pattern persisted for several weeks and delayed the typical
timing of upstream migration. By the middle of August, Pink
Salmon attempted to migrate upstream during diurnal high
tides, only to be either stranded in dewatered channels near
stream mouths or trapped in tide pools during subsequent low
tides (Figures 4, 9). Eventually, a rain event in early September
provided a narrow window of opportunity for Pink Salmon
to migrate upstream, and some were able to successfully com-
plete their migration to spawning areas. The subsequent drop
in water levels after the rain ended was associated with new
mortality observations (Figure 9).

In contrast, high migration success was generally associ-
ated with runs into small glacier-driven PWS streams that were
buffered or responded differently to the atmospheric effects of
warm temperatures and drought. A water monitoring station
just below Wolverine Glacier in western PWS demonstrated
that glacier melt continued to provide cold, stable water tem-
peratures near 2°C and discharges well above zero (Figure 9;
data from USGS gage station 15236900 on Wolverine Creek
near Whitter, Alaska; upstream of spawning grounds).

Despite the drought, return of PWS Pink Salmon from the
2019 brood in 2021 was above average for wild stocks (ADFG
preliminary data for 2021 season). Both adaptive man-
agement decisions and biological compensatory responses
potentially facilitated PWS Pink Salmon recruitment success
despite an uncertain 2021 forecast (Brenner et al. 2021). After
detecting premature mortality early in the 2019 fishing sea-
son, managers limited harvest at critical times to provide
more opportunity for fish to successfully migrate and spawn
during drought conditions (Russell, unpublished data). This
provides an example of how proactive management can adapt
to benefit fish populations experiencing unusual environmen-
tal conditions. However, major drivers of salmon population
dynamics, like compensatory processes (e.g., density depen-
dence and competitive interactions) and favorable ocean con-
ditions, almost certainly contributed to improved recruitment
and led to a relatively strong return in 2021. Among other
species with premature mortality observations, generations
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times are longer and outcomes from the 2019 brood are not
yet known.

Extreme heat and drought events are often viewed as win-
dows into the future (Russo et al. 2014; Crozier et al. 2020).
Observations from 2019 may prove to be one early warning of
widespread shifts in Alaska’s Pacific salmon production, given
some recent studies on future water temperature and salmon
production. First, watersheds with near optimal water tem-
peratures over the past several decades are projected to warm
beyond lethal limits of Pacific salmon within the next 50 years
(Shaftel et al. 2020). Second, there is already evidence of
declining population productivity with increasing water tem-
perature in southcentral Alaska’s warmest watersheds (Jones
et al. 2020). Third, there is some evidence that warming will
increase Pacific salmon production in rivers and streams that
have been historically below thermal preferences (e.g., Schoen
etal. 2017; Jones et al. 2020). Fourth, there is evidence that an
increasing number of Pacific salmon will encounter challeng-
ing environmental conditions in marine as well as freshwater
habitats as climate warming proceeds. Marine conditions are
known to influence Pacific salmon production with warmer
oceans previously linked to higher production in Alaska
(Mueter et al. 2002), but more recent evidence hinting that
extremely warm ocean conditions are problematic (Carey
et al. 2021). More frequent extreme warm ocean conditions
are anticipated (e.g., Pacific marine heatwaves in 2014-2016
and 2019; Amaya et al. 2020). This is particularly concerning
because it would likely lower productivity more than if stress-
ful conditions were limited to either marine or freshwaters.

Federal and state agencies, tribal organizations, nonprofit
organizations, and citizen scientists are already working to
maintain and increase the capacity to monitor water tem-
perature, streamflow, and fish populations across Alaska’s
expansive and remote landscape. Mortality observations can
continue to be reported via the LEO Network (LEONetwork.
org). These efforts are an important step to better detect and
prepare for long-term fisheries change and inform habitat
conservation efforts at local and regional scales. However,
systematic sampling of en route and prespawn mortality is
extremely limited in Alaska and not easily implemented in
most of Alaska’s remote salmon spawning habitat that lack
road access. Instead, researchers may need to validate new
biomarkers or models that predict premature mortality from
environmental conditions with the goal of developing alter-
native tools for monitoring premature mortality. Increased
opportunities for data sharing and organized repositories
(e.g., waterdata.usgs.gov and the anticipated AKTEMP
water temperature repository from the Alaska Center for
Conservation Science) can improve the utility of all these
data sources, and will help fishery scientists and managers
determine whether a major shift in Pacific salmon productiv-
ity is underway. A shift in the abundance of Pacific salmon
would be a significant disruption for communities that
depend on salmon to sustain their culture, food security, and
local economy.
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ABSTRACT

Genetic analysis of Chinook salmon (Oncorhynchus tshawytscha) captured as bycatch in
the 2020 Bering Sea-Aleutian Island (BSAI) trawl fishery for walleye pollock (Gadus
chalcogrammus) was undertaken to determine the overall stock composition of the bycatch and
examine variation in stock compositions across space and time. Samples were genotyped for 37
single nucleotide polymorphism (SNP) DNA markers and stock compositions were estimated
using a SNP baselined developed by the Alaska Department of Fish and Game (ADF&G).
Genetic samples were collected using a systematic random sampling protocol where one out of
every 10 Chinook salmon encountered was sampled. Based on analysis of 2,614 Chinook salmon
bycatch samples, Coastal Western Alaska was the largest contributor (52%), with smaller
contributions from British Columbia (15%), North Alaska Peninsula (13%), and West Coast US
(7%) The proportional contribution of Western Alaska stocks was higher than the average over
the last ten years (44%) and the proportion of Middle (2%) and Upper Yukon (2%) stocks was
about average (2% and 4%, respectively). In total, we estimated that 16,796 (16,032-17,561 95%
CI) fish were caught from Coastal Western Alaska stocks, 670 (396-981 95% CI) were caught
from the Middle Yukon and 729 (517-968 95% CI) were caught from the Upper Yukon. The
number of fish caught from the Coastal Western Alaska stock was substantially higher than the
10-year average and represented the second highest catch in the last decade. In general, the
contributions of southern stocks (British Columbia and West Coast US) were lower than average
in 2020 declining since 2018, contributions from Western Alaska were above average, and all

other stock groups were similar to their 10-year average.
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INTRODUCTION

Pacific salmon (Oncorhynchus spp.) are prohibited species in the federally managed
Bering Sea groundfish fisheries, which are subject to management rules (NPMFC 2017a) that are
in part designed to reduce prohibited species catch, hereafter referred to as “bycatch”. It is
important to understand the stock composition of Pacific salmon caught in these fisheries, which
take place in areas that are known feeding habitat for multiple brood years of Chinook salmon
(Oncorhynchus tshawytscha) from many different localities in North America and Asia (Myers
et al. 2007, Davis et al. 2009). Chinook salmon are economically valuable and highly prized in
commercial, subsistence, and sport fisheries. Determining the geographic origin of salmon
caught in federally managed fisheries is essential to understanding the effects that fishing has on
Chinook salmon stock groups, especially those with conservation concerns (NPFMC 2017a).
This report provides genetic stock identification results for the Chinook salmon bycatch samples
collected from the Bering Sea walleye pollock (pollock; Gadus chalcogrammus) trawl fishery.
National Marine Fisheries Service (NMFS) geographical statistical areas (NMFS area) associated
with the Bering Sea groundfish fishery (NMFS areas 509-524) and Alaska Department of Fish
and Game (ADF&G) statistical areas grids' (Fig. 1) are used to describe the spatial distribution
of the Chinook salmon bycatch and genetic samples.

Amendment 91 to the North Pacific Fishery Management Council (NPFMC) Fishery
Management Plan (FMP) for groundfish of the Bering Sea Aleutian Island (BSAI) Management
Area was enacted in 2010 and included retention of all salmon caught in the pollock fishery. In

2011, a systematic random sampling design recommended by Pella and Geiger (2009) was

! http://www.adfg.alaska.gov/static/fishing/PDFs/commercial/chart03_bs.pdf



http://www.adfg.alaska.gov/static/fishing/PDFs/commercial/chart03_bs.pdf

implemented by the Alaska Fisheries Science Center’s (AFSC) Fisheries Monitoring and
Analysis Division’s (FMA) North Pacific Groundfish and Halibut Observer Program (Observer
Program) to collect genetic samples from one out of every 10 Chinook salmon encountered as
bycatch in the Bering Sea pollock fishery.

In 2020, genetic samples were collected by the Observer Program from the Chinook
salmon caught as bycatch in the Bering Sea pollock fishery. The number of available samples
and the unbiased sampling methodology facilitated the extrapolation of the sample stock
composition to the overall Chinook bycatch from the Bering Sea pollock trawl fishery in 2020.
Samples were collected from both the Bering Sea “A” season which started 01/01/2020 and
ended 06/09/2021, and the Bering Sea “B” season which started 6/10/2020 and ended
12/31/2020. Stock composition analyses were performed using the single nucleotide
polymorphism (SNP) baseline provided by ADF&G (Templin et al. 2011), the same baseline that
was used previously to estimate stock composition of samples from the 2005-2019 Chinook
salmon bycatch (NMFS 2009; Guyon et al. 2010a,b; Guthrie et al. 2012-2021; Larson et al.

2013).
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Figure 1. -- NMFS (outlined in black) and ADF&G (outlined in light gray) statistical areas associated
with the Bering Sea and Gulf of Alaska groundfish fisheries.

SAMPLE DISTRIBUTION

Samples were collected from Chinook salmon bycatch by the Observer Program for
analysis at AFSC’s Auke Bay Laboratories (ABL). Axillary process tissues and 3-4 scales were
stored in coin envelopes which were labeled, frozen, and shipped to ABL for analysis. Scales
were collected as an additional source for ageing and a backup for genetic analysis.

In 2020, an estimated 32,294 Chinook salmon were taken in the bycatch of BSAI pollock
trawl fisheries (NMFS 2021). The Chinook salmon bycatch estimate is 6% below the historical

average (34,589) between 1991 and 2019, and far below the highest overall Chinook bycatch in



2007 when an estimated 122,195 fish were taken (Fig. 2). Of the total 2020 bycatch, 18,369 were
from the trawl “A” season and 13,925 were from the “B” season. For the genetic analysis, the
“B” season started on 6/01/20 (Statistical Week 23) because all but one of the “A” season

samples were collected by 4/18/20. This difference is reflected in Appendix 2.
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Figure 2. -- Annual “A” and “B” season estimates for the Chinook salmon bycatch from the Bering Sea
pollock trawl fishery (NMFS 2021). The yellow dashed line shows the average bycatch
before Amendment 91 and the purple shows the average after.

In 2020, there were 3,241 genetic samples received from the Bering Sea Chinook salmon
bycatch collected by the Observer Program; of those samples, 2,614 were successfully genotyped
for an overall genotyped sampling rate of 8.1% (“A” season N = 1,371 fish, 7.5% sampling rate;
“B” season N = 1,243 fish, 8.9% sampling rate).

Potential biases primarily introduced through spatial and temporal aspects of genetic
sample collection from the bycatch are well documented and have the potential to affect resulting
stock composition estimates (Pella and Geiger 2009). The distributions of 2020 Chinook salmon

bycatch genetic samples were evaluated by comparing the collection of genetic samples with the



overall bycatch distribution (Fig. 3). The temporal distribution of samples collected and
successfully genotyped was evaluated across the two fishing seasons (Fig. 3). The sample spatial
distribution was compared with the total bycatch by NMFS statistical area (NMFS area) over
time (Fig. 3). While there was minor over- and under-sampling, genetic samples were generally
spatially and temporally representative of the total Chinook bycatch (Fig. 3), since most under-

and oversampled collections are from small bycatch collections.
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Figure 3. -- Proportion of Bering Sea Chinook salmon bycatch sampled for genetic analysis by statistical
week and NMFS Statistical Areas. The size of the circles correspond to the number of
bycatch fish. Weeks 4-20 correspond to the groundfish “A” season, whereas weeks 24-48
correspond to the “B” season. The black line delineates the “A” and “B” seasons. Sample
sizes smaller than five not shown.

GENETIC STOCK COMPOSITION - PROCEDURE
DNA was extracted from axillary process tissues with Machery-Nagel kits (Allentown,
PA) SNP genotyping was performed using Genotyping-in-Thousands by Sequencing (GTseq;
Campbell et al. 2015) chemistry that uses short-read sequencing on an Illumina platform to

interrogate the 37 SNP DNA markers represented in the Chinook salmon baseline (Templin et al.



2011; Appendix 4. The SNP baseline contains genetic information for 172 populations of
Chinook salmon grouped into 11 geographic regions (also known as stock groups or reporting
groups; Appendix 1). Proof tests performed previously have shown the baseline to be suitable for
stock composition analysis using the regional reporting groups defined in Appendix 1 (Templin
et al. 2011).

Sequencing libraries were prepared using the GT-seq protocol (Campbell, et al. 2015).
PCR was performed on extracted DNA with primers that amplify 37 SNP loci (Templin et al.
2011). These PCR products were then indexed in a barcoding PCR, normalized using SequalPrep
plates (Invitrogen) and each 96 well plate was subsequently pooled after Sequel prep
normalization. Next, a double-sided bead size selection was performed using AMPure XP beads
(Beckman Coulter), using ratios of beads to library of 0.5x to remove non-target larger fragments
and then 1.2x to retain the desired amplicon. Libraries were sequenced on a MiSeq (Illumina)
using a single 150-cycle lane run with 2x75 bp paired-end (PE) chemistry. PE reads for each
individual were joined with FLASH2 (Mago¢ & Salzberg, 2011;
https://github.com/dstreett/FLASH2). Merged reads were genotyped with the R package

GTscore (McKinney; https://github.com/gjmckinney/GTscore). Individuals with low quality

multilocus genotypes (< 80% of loci scored) were discarded. We re-genotype 3% of all project
individuals as quality control measures.

From the 2020 Chinook salmon bycatch from the Bering Sea pollock trawl fishery, a
total of 3,241 samples were analyzed of which 2,614 samples were successfully genotyped for 30
or more of the 37 SNP loci, a successful genotyping rate of 81%. The successfully genotyped
samples had genetic information for an average of 36 of 37 markers from both the “A” (n =

1,371) and “B” (n = 1,243) seasons. Unfortunately, the Dutch Harbor air cargo carrier left a large


https://github.com/gjmckinney/GTscore

percentage of the “A” season samples in their warehouse unfrozen for over a month, which
resulted in the lowered genotyping success rate for the “A” season. We were pleasantly surprised
that we were able to extract as much genotypic information as we did given this logistical error.
Mixtures were created by separating sampled fish into spatial and temporal groups from
observer data from the AKFIN database. Genetic stock identification was performed with the
conditional genetic stock identification model in the R package rubias (Moran and Anderson
2019). For all estimates, the Dirichlet prior parameters for the stock proportions were defined by
region to be 1/(GCg), where Cg is the number of baseline populations in region g, and G is the
number of regions. To ensure convergence to the posterior distribution, 11 separate MCMC
chains of 70,000 iterations (burn-in of 35,000) of the non-bootstrapped model were run, with
each chain starting at disparate values of stock proportions; configured such that for each chain
95% of the mixture came from a single designated reporting group (with probability equally
distributed among the populations within that reporting group) and the remaining 5% equally
distributed among remaining reporting groups. The convergence of chains for each reporting
group estimate was assessed with the Gelman-Rubin statistic (Gelman and Rubin 1992)
estimated with the gelman.diag function in the coda library (Plummer et al. 2006) within R.
Once chain convergence was confirmed, inference was conducted with the conditional genetic
stock identification model with bootstrapping over reporting groups (70,000 MCMC iterations,

burn-in of 35,000, 100 bootstrap iterations).

GENETIC STOCK COMPOSITION - RESULTS

For “A” and “B” seasons combined, 69% of the bycatch samples were estimated to be from
Alaska river systems flowing into the Bering Sea (Appendix 1, Reg. Num. numbers 2-5) with the

Coastal Western Alaska region contributing the most (52%), followed by the North Alaska



Peninsula (13%). Thirty-one percent of all of the samples were from the southern (Appendix 1,
Reg. Num. numbers 6, 9-11) regions, with the British Columbia (15%) region contributing the
most, followed by the West Coast US (7%) and Northwest GOA (6%) regions (Appendix 2,
Fig. 5).

The stock composition results indicate that 81% of the 1,371 Chinook salmon samples
from the “A” season originated from Alaska river systems flowing into the Bering Sea with the
largest contributions from Coastal Western Alaska region (52%) and the North Alaska Peninsula
(25%). The remaining 19% were from southern regions with British Columbia (12%)
contributing the most, followed by the West Coast US (3%) (Appendix 2, fig. 5). In the “B”
season, 58% percent of the 1,243 “B” season samples originated from Alaska river systems
flowing into the Bering Sea with the largest contribution from Coastal Western Alaska region
(54%), while 32% were from southern regions; British Columbia (18%), West Coast US (11%)),
and Northwest GOA (9%) regions (Appendix 2, Fig. 5).

Using information from the ANSWERS tool provided by AKFIN (NMFS 2022),
geographical (ADF&G statistical areas) aggregations were developed to investigate how stock
compositions might vary among smaller areas of interest to the NPFMC. It should be noted that

some of these strata overlap, with some samples being used in multiple analyses.
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Figure 4. -- Location of sample strata used in comparative stock composition estimates from the 2020
Bering Sea Chinook salmon bycatch. Circles represent the amount of total bycatch in each
stratum. The red dashed line delineates the Northwest and Southeast strata, while the solid

blue line shows the boundary of the CVOA (NMFS 2021).

The “A” season estimates were developed for overlapping strata with sufficient numbers
of samples (Appendix 2; Figs. 4, 5); Catcher Vessel Operation Area (CVOA) (659 samples,
Figs. 4, 5), NMFS Statistical Area 509 (578 samples; Figs. 1, 5), Southeast Bering (792 samples,
Figs. 4, 5), and Northwest Bering (579 samples, Figs. 4, 5). Over 73% of the Chinook salmon
bycatch in the CVOA, NMFS Area 509 and Southeast Bering strata during the “A” season were

from Alaska river systems flowing into the Bering Sea. For the CVOA, NMFS area 509, and



10

Southeast Bering Sea during the “A” season, most fish were from Coastal Western Alaska (47%,

46%, and 47%, respectively) followed by North Alaska Peninsula at (26%, 26% and 28%). The

largest southern components for CVOA, NMFS Area 509 and Southeast Bering Sea during the

“A” season were British Columbia (18%, 20% and 16%, respectively) and West Coast US (5%,

5% and 4%). For the Northwest Bering “A” season stratum, 88% of the bycatch was estimated to
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Figure 5. -- Stock composition estimates with 95% credible intervals of the 2020 BSAI Chinook salmon
bycatch for overall (3,241 samples) “A” and “B” seasons; CVOA overall (1,325 samples), “A”
and “B” season; NMFS area 509 overall (1,332 samples) and “A” season (bottom); Northwest
Bering overall (1,150 samples), “A” and “B” seasons; and Southeast Bering overall (1,464
samples) “A and “B” seasons (NMFS 2021)

be from Alaska river systems flowing into the Bering Sea, with the largest contributions from

Coastal Western Alaska (58%) followed by North Alaska Peninsula (21%), Upper Yukon (6%)
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and Mid Yukon (3%). Six percent of the stock composition was estimated to be from southern
regions, with most fish from British Columbia (5%).

For the “B” season, stock composition estimates were developed for CVOA (766
samples, Figs. 4, 5), Southeast Bering (672 samples, Figs. 4, 5), and Northwest Bering (372
samples, Figs. 4, 5) (NMFS 2021). For the Northwest Bering “B” season stratum, 76% of the
stock composition was estimated to be from Alaska river systems flowing into the Bering Sea,
which includes the largest contributor Coastal Western Alaska (67%). Twenty-three percent of
the stock composition was estimated to be from southern regions, where the largest contributors
were British Columbia (11%), Northwest GOA (5%) and West Coast US (5%).

Fifty-six percent of the “B” season stock composition estimates for the CVOA and
Southeast Bering were from southern regions (Fig. 5, Appendix 2). The largest contributors were
British Columbia (25% for CVOA, 24% for Southeast Bering), West Coast US (16% for CVOA,
17% for Southeast Bering), and Northwest GOA (13%). The major contributor from the Bering
Sea was Coastal Western Alaska at 43% for CVOA and Southeast Bering. It is important to note
that CVOA is a subsection of the Southeast Bering where most of the bycatch occurs.

Both the CVOA and Southeast Bering “B” season samples had a higher proportion of fish
from southern regions (56%) than the “B” season overall (41%). The stock compositions were
highly variable in the CVOA and Southeast Bering across the seasons. It is notable that the
contribution from the West Coast US region increased from 5% to 17% for CVOA and Southeast
Bering strata from the “A” and “B” seasons while the contribution from the Northern Alaska
Peninsula region decreased from ~27% to almost zero in the same time frame. The Northwest
GOA region increased from almost zero to 13% between the CVOA and Southeast Bering “A”

and “B” seasons. The largest differences in the Northwest Bering between the “A” and “B”
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seasons were the increase of Coastal Western Alaska from 58% to 67% and the decrease of

North Alaska Peninsula from 21% to 2%.

COMPARISON WITH PREVIOUS ESTIMATES

About 60% of the Chinook salmon bycatch in 2020 occurred during the “A” season
(Fig. 2), which is similar to most previous years since 2011. As in most previous years (with the
exception of 2017), stock compositions from the analysis of the 2020 “A” season Chinook
salmon bycatch showed that the majority of fish originated from river systems flowing into the
Bering Sea (81%; Fig. 6). The Coastal Western Alaska region was the largest contributor in the
2020 “A” season, consistent with every year except 2017. The 2020 “B” season stock
composition estimates from Coastal Western Alaska at 52% was higher than 2018 and 2019
(~30%), with Coastal Western Alaska contributions in all three of these years being substantially
more than 2016 and 2017 when Coastal Western Alaska stock proportions were closer to 15%
(Fig. 6, Appendix 3). Contrastingly, the higher levels of southern stock groups contributions
observed from 2015 to 2018 are continuing to decrease. The estimated relative contributions
from these more southern regions in the “B” season previously increased from a low of 20% in
2011 to a high of 86% in 2017, declining to 63% in 2018, and bumping up slightly to 67% in

2019, then dropping to 41% in 2020 (Fig. 6, Appendix 3).
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Figure 6. -- Annual “A” season (left) and “B” season (right) genetic stock composition estimates for
2011-2020 from the Bering Sea Chinook salmon bycatch.
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When the stock compositions were analyzed on a yearly basis, the Coastal Western
Alaska region shows variable contributions over time, but it was generally trending downward
since 2011 until 2017, and since 2018 it has been trending upwards (Fig. 7). The 2020 North
Alaska Peninsula region contribution of 13% was about average compared to previous years
(Fig. 7). The Upper and Middle Yukon River, GOA, and Coastal Southeast Alaska contributions
continued to be low in 2020, while contributions from the British Columbia and West Coast US
regions have generally decreased from 2017 to 2020 (Fig. 7).

The estimated numbers of Chinook salmon caught as bycatch from Coastal Western
Alaska stocks has varied from a high of 17,421 in 2011 to a low of 4,635 in 2018 (Fig. 7,
Appendices 2, 3). Total catches of Coastal Western Alaska stocks were relatively stable from
2012 to 2018 and were consistently below 8,000 fish. In 2019, the catch increased slightly to

near 10,000. In 2020 the catch further increased to nearly 17,000, close to the high in 2011.
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Catches from the North Alaska Peninsula stock group have been relatively consistent over the
last decade, ranging from ~2,500 to 5,000. Catches of southern stocks from British Columbia and
the US West Coast peaked in 2017 at ~15,000 fish but generally range between 5,000 and
10,000. Catches of these two stocks in 2020 were the lowest since 2015. It is important to note
these catch estimates represent the removals by region in each year but they cannot be used as is
to represent any trends in the impact rates to particular regions over time because the amount of
bycatch and areas fished vary. Stock-specific impacts are best estimated with adult equivalency

models (Ianelli and Stram 2015).
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Figure 7. -- Annual (2011-2020) stock composition estimates with 95% credible intervals from the Bering
Sea Chinook salmon bycatch (Top). Annual (2011-2020) bycatch estimates in numbers of fish
with 95% credible intervals from the Bering Sea Chinook salmon bycatch (Bottom). Regions
with low catches, Russia (Avg. N = 145) Copper (Avg. N = 22), and Northeast GOA (Avg.

N = 6) were omitted.
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AGE COMPOSITION ANALYSIS
Ageing Methods

Obtaining ages is important for parameterizing adult equivalency models and can also
provide information on specific cohorts that can be used to better understand stock composition
trends. The AFSC genetics program received paired genetic and scale samples from the Observer
program. Scales were removed from sample envelopes and cleaned of dried slime and grit by
moistening the scale with RO water and gently rubbing the scale between thumb and forefinger.
Clean scales were then moistened and the sculptured side of the scale was mounted up on the
scale gum card. Acetate impressions of each card of scales were made with a PHI PW220H
scale press. All acetate impressions were delivered to the ADF&G Mark Tag and Age Lab (MTA
Lab) for age estimation. All age estimates are stored in the AKFIN database with paired observer

information.

BSAI Ages

Of the 2,926 scales that were pressed, 1,782 scales were successfully read by the
ADF&G MTA Lab (Fig. 8). The most common freshwater and saltwater zone error codes were
inverted and wrong species. The most common freshwater age was 1 (79.2%), followed by age 0
(20.7%) whereas the most common saltwater ages were 2 (46.9%), 3 (30.9%), and 1 (14.8%). Of
the three-, four-, and five-year-old fish caught in the BSAI trawl fishery, the majority were from
Coastal Western Alaska (48.58%, 53.27%, and 56.03%, respectively). Middle and Upper Yukon
stock groups contributed a relatively small amount, with the largest contribution of Middle
Yukon stocks to the age-4 and age-5 mixtures (2.7 and 2.8%) and Upper Yukon to the age-5 and

age-6 mixtures (7.7% and 6.6%). The North Alaska Peninsula stock groups comprised the largest
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proportion of the oldest age class of fish, 6-year-olds (59.5%), with progressively declining
contributions at younger ages. Northwest Gulf of Alaska stock groups comprised 10.9% and
4.8% of the age-3 and age-4 mixtures but contributed less than 1% to age-5 and age-6 mixtures.
The southernmost stock groups (BC and West Coast US) were predominately age-3 and age-4

when captured, comprising 32.1% and 23.3%, respectively.
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Up Yukon

N AK Pen
NW GOA
Copper

NE GOA
Coast SE AK
BC

West Coast US

0.751

0.501

Stock proportion

0.251

0.00 -

3 4 5 6
(n=384) (n=625) (n=357) (n=85)

Total Age

Figure 8. -- Stock Composition of the four age classes of Bering Sea Chinook salmon bycatch. The number
of successfully aged samples is below the respective bars.

SUMMARY
Stock composition estimates of the Chinook salmon bycatch inform pollock and salmon
fishery managers of the biological effects of the incidental take of salmon in the trawl fishery
(Ianelli and Stram 2015). The incidental harvest of Chinook salmon in the Bering Sea pollock

fishery averaged 34,258 salmon per year between 1991 and 2019 (29-year average), with a peak
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of 121,195 in 2007 and a low 0f 4,961 in 2000 (Fig. 2; NMFS 2021). The Bering Sea Chinook
salmon bycatch has abated somewhat in more recent years. The incidental harvest between 1991
and 2010 averaged 40,976 and after the implementation Amendment 91 between 2011 and 2019
the average dropped to 19,328 (Fig.2; NMFS 2021). In 2020, a total of 32,294 Chinook salmon
were caught, which is below the 28-year average, but above the 9-year post-Amendment 91
average.
Sampling Issues

With the implementation of systematic random sampling, 2020 is the tenth year from
which representative samples have been collected from the Chinook salmon bycatch. Systematic
random sampling represents a substantial effort on the part of the Observer Program to develop
standardized protocols for collecting sets of samples from numerous observers both at sea and in
shore-based processing plants, the results of which are clearly apparent in the representative
nature of the sample sets (Figs. 3). The number of successfully genotyped Chinook salmon from
the Bering Sea bycatch samples was 2,614 corresponding to an effective overall sampling rate in

2020 of 8.1%, despite mishandling of samples noted earlier by a Dutch Harbor air cargo carrier.

Stock Composition Estimates
The proportions of Chinook salmon originating from Alaska rivers flowing into the
Bering Sea accounted for most of the catches in early post-amendment 91 years, but southern
regions have accounted for larger and larger proportions in more recent years with a maximum in
2017, where southern stocks accounted for more than half of the bycatch. The 2018-2020 data
may signal a change to this pattern, with Chinook salmon originating from Alaska rivers flowing
into the Bering Sea accounting for more than two-thirds of the bycatch in 2020 (Appendices 2,

3). The stock composition of the Chinook salmon bycatch from the 2019 “A” season differed
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from the “B” season, demonstrating temporal changes (Appendix 2; Figs. 5 and 6). This was
especially apparent for the North Alaska Peninsula (25% and 2%) region. The largest contributor
to both “A” and “B” season fisheries was the Coastal Western Alaska region which increased
slightly from “A” to “B” (52% to 54%).

Spatial analysis showed that the stock compositions varied within season depending upon
where the salmon were caught. For example, during the “B” season a higher proportion of
Coastal Western Alaska Chinook salmon were intercepted in the northwestern area of the Bering
Sea, and a higher proportion of southern origin Chinook salmon were intercepted in the
southeastern area of the Bering Sea (Fig. 5). Analysis of bycatch by age indicated that fish from
the Coastal Western Alaska region were encountered at similar rates across the primary ages (3,
4, 5). Fish from southern stocks (NW GOA, British Columbia, and West Coast US) were
encountered more frequently at younger ages. This is the first analysis year where age estimates
have been widely available and more scale are currently ageing additional years to investigate
temporal trends in stock compositions by age. It is notable that the North Alaska Peninsula stock
group comprised the largest proportion of the oldest age class of fish.

Application of Estimates

Stock composition estimates for the 2020 Bering Sea Chinook salmon bycatch were
mostly representative of the overall bycatch for this year and are presented in relative
contributions as well as estimated numbers of fish. The extent to which any salmon stock group
is impacted by the bycatch of the Bering Sea trawl fishery is dependent on many stock-specific
factors including 1) the overall numbers of the stock in the bycatch, 2) the ages of the salmon
caught in the bycatch by stock group, 3) the ages of the returning salmon by stock group, and 4)

the total annual run-size of the affected stock groups. Because the effect of stock-specific
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numbers of Chinook salmon in the bycatch is moderated by several factors, a higher contribution
of a particular stock group in one year does not necessarily imply greater impact than a smaller

estimate the next.
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APPENDICES

Appendix 1. -- Chinook salmon populations in the ADF&G SNP baseline with the regional
designations used in the analyses of this report. S. = South, R. = River, H. = Hatchery,
and L. = Lake.

Population name
Bistraya River
Bolshaya River
Kamchatka River late
Pakhatcha River
Andreafsky River
Aniak River
Anvik River
Arolik River

Big Creek
Cheeneetnuk River
Eek River
Gagaryah River
George River
Gisasa River
Golsovia River
Goodnews River
Kanektok River
Kisaralik River
Kogrukluk River
Kwethluk River
Mulchatna River
Naknek River
Nushagak River
Pilgrim River
Salmon R. -Pitka Fork
Stony River
Stuyahok River
Takotna River
Tatlawiksuk River
Togiak River
Tozitna River
Tuluksak River
Unalakleet River
Beaver Creek
Chandalar River
Chena River
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Henshaw Creek
Kantishna River
Salcha River
Sheenjek River

S. Fork Koyukuk River
Big Salmon River
Blind River
Chandindu River
Klondike River
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Mayo River
Nisutlin River
Nordenskiold River
Pelly River
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Takhini River
Tatchun Creek
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Black Hills Creek
King Salmon River
Meshik River
Milky River
Nelson River
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Ayakulik River
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Chignik River
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Kenai River mainstem
Killey Creek
Ninilchik River
Prairie Creek
Slikok Creek
Talachulitna River
Willow Creek
Bone Creek
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Gulkana River
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Population name
Kowatua River

Little Tatsemenie River
Macaulay Hatchery
Medvejie Hatchery
Nakina River

Tahltan River

Unuk R.-Deer Mountain H.
Unuk River - LPW
Upper Nahlin River

Big Qualicum River
Birkenhead River spring
Bulkley River

Chilko River summer
Clearwater River summer
Conuma River
Damdochax Creek
Ecstall River
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Kateen River
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Kitimat River
Klinaklini River
Kwinageese Creek
Louis River spring
Lower Adams River fall
Lower Atnarko River
Lower Kalum River
Lower Thompson River fall
Marble Creek

Middle Shuswap R. summer
Morkill River summer
Nanaimo River
Nechako River summer
Nitinat River

Oweegee Creek
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Quesnel River summer
Quinsam River
Robertson Creek
Salmon River summer
Sarita River
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Stuart River summer
Sustut River

Torpy River summer
Wannock River
Alsea River fall
Carson Hatchery spring
Eel River fall

Forks Creek fall
Hanford Reach
Klamath River

Reg

Num.

10
10
10
10
11
11
11
11
11
11

29

Region

BC

BC

BC

BC

West Coast US
West Coast US
West Coast US
West Coast US
West Coast US
West Coast US

Population name

Lower Deschutes R. fall
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Makah National Fish H. fall
McKenzie River spring
Sacramento River winter
Siuslaw River fall
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Appendix 2. -- Regional Rubias stock composition percentage estimates, standard deviations (SD), 95% credible intervals (CI), and
estimated numbers of Chinook salmon fromthe the 2020 Bering Sea pollock trawl fisheries.Sample sizes are adjacent to the
stratum designation. Total catch is the census for each stratum from AKFIN reports (NMFS 2021). Estimated numbers of fish
for aged fish are for only the number of fish aged.

"A" Season (N=1,371)

"B" Season (N=1,243)

Bering Sea all (N=3,241)

Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 435 24 048 (1.53.4) 123 0.9 028 (0.4,1.5) 552 1.7 030 (1.2,2.3)
Coast W AK 9,469 515 1.64 (48.3,54.7) 7467  53.6 1.68  (50.3,56.9) 16,796 520 121  (49.6,54.4)
Mid Yukon 281 1.5 049 (0.7,2.6) 318 23 073 (1.0,3.8) 670 2.1 047 (1.2,3.0)
Up Yukon 557 3.0 054 (2.1,42) 130 0.9 041 (0.3,1.8) 729 23 036 (1.6,3.0)
N AK Pen 4,553 248 141 (22.1,27.6) 208 1.5 048 (0.7,2.5) 4247 131 084 (11.514.8)
NW GOA 143 0.8 0.53 0.3,2.1) 1,295 93 112 (7.2,11.6) 1,825 5.7 0.68 (44,7.1)
Copper 0 0.0 0.11 (0.0,0.4) 7 0.0 0.08 (0.0,0.3) 0 0.0 0.06 (0.0,0.2)
NE GOA 3 0.0 0.10 (0.0,0.3) 12 0.1 0.15 (0.0,0.5) 14 0.0 0.10 (0.0,0.3)
Coast SEAK 297 1.6 0.55 0.7,2.8) 249 1.8 0.73 (0.5,3.3) 497 1.5 047 (0.7,2.6)
BC 2,138 11.6 1.01 (9.7,13.6) 2,548 183 125  (15.9,20.8) 4824 149 084 (13.3,16.6)
West Coast US 494 2.7 047 (1.9,3.7) 1,569 113 095  (9.5,13.2) 2,141 6.6 0.52 (5.7,7.7)
Total Catch 18,369 13,925 32,294

CVOA "A" (N=659) CVOA "B" (N=766) CVOA (N=1,325)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 0 0.0 0.05 (0.0,0.1) 88 1.0 041 (0.3,1.9) 65 04 020 (0.0,0.8)
Coast W AK 4,696 473 229 (42.8,51.8) 3,796 426 216 (38.3,46.8) 8,035 446 1.64 (4144758
Mid Yukon 56 0.6 0.38 (0.1,1.5) 0 0.0 0.08 (0.0,0.2) 42 0.2 0.18 (0.0,0.7)
Up Yukon 20 0.2 028 (0.0,1.0) 2 0.0 0.09 (0.0,0.3) 23 0.1 0.13 (0.0,0.5)
N AK Pen 2,538 256 205 (21.6,29.7) 60 0.7 051 (0.0,1.9) 2,199 122 1.16  (10.0,14.5)
NW GOA 36 04 048 (0.1,1.8) LI75 132 1.64 (10.1,16.5) 1,421 79 109  (5.9,102)
Copper 0 0.0 0.12 (0.0,0.4) 3 0.0 0.10 (0.0,0.3) 0 0.0 0.07 (0.0,0.3)
NE GOA 4 0.0 0.17 (0.0,0.6) 14 0.2 025 (0.0,0.9) 16 0.1 0.14 (0.0,0.5)
Coast SEAK 272 2.7 1.06 (0.9,5.0) 105 1.2 0.88 (0.0,3.2) 370 2.1 0.96 044.2)
BC 1,818 183 1.81  (14.9.21.9) 2,150 241 191 (205,27.9) 3934 218 148 (18.9,24.7)
West Coast US 486 49 0.87 (3.4,6.8) 1,514 17.0 1.57  (14.1,20.2) 1,917 10.6 090  (8.9,12.5)
Total Catch 9,925 8,907 18,022

NW Bering S. "A" (N=579) NW Bering S. "B" (N=571) NW Bering S. (N=1,150)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 394 6.0 1.10 (4.0,8.3) 50 0.8 038 (0.3,1.7) 522 4.1 0.65 (2.9,5.4)
Coast W AK 3,808  58.1 249  (53.1,62.8) 4,177 667 228  (622,71.1) 7,785 608 1.77 (57.2,64.2)
Mid Yukon 201 3.1 1.00 (14,5.3) 347 55 133 (3.1,8.3) 488 3.8 085 (2.3,5.6)
Up Yukon 367 5.6 1.03 (3.7,7.8) 106 1.7 0.89 (0.3,3.7) 526 41 0.71 (2.8,5.6)
N AK Pen 1,369 209 2.00 (17.1,25.0) 127 2.0 082 (0.7,3.9) 1,511 11.8 122 (9.514.3)
NW GOA 32 0.5 0.63 0.1,2.4) 316 5.0 127 (2.8,7.8) 428 33 091 (1.7,5.3)
Copper 20 0.3 042 (0.1,1.6) 5 0.1 0.17 (0.0,0.6) 16 0.1 0.19 (0.0,0.7)
NE GOA 1 0.0 025 (0.0,0.7) 5 0.1 025 (0.0,0.9) 7 0.1 0.19 (0.0,0.7)
Coast SEAK 29 04 051 (0.0,1.8) 123 2.0 0.75 (0.7,3.7) 168 1.3 046 (0.5,2.3)
BC 305 4.7 0.95 (2.9,6.7) 675 108 136  (8.3,13.6) 1,027 8.0 0.85 (6.4,9.8)
West Coast US 29 04 032 (0.0,1.3) 327 52 097 (3.5,1.3) 336 2.6 _0.50 (1.7,3.7)
Total Catch 6,557 6,258 12,815

SE Bering S. "A" (N=792) SE Bering S. "B" (N=672) SE Bering S. (N=1,464)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 0 0.0 0.11 (0.0,0.4) 75 1.0 0.40 (0.3,1.9) 67 0.3 0.19 (0.0,0.8)
Coast W AK 5431 46,6 207 (42.5,50.6) 3282 425 219  (38.2,46.7) 8,725 450 1.54 (42.048.0)
Mid Yukon 132 1.1 049 0.4,2.3) 0 0.0 0.08 (0.0,0.2) 114 0.6 0.26 0.2,1.2)
Up Yukon 131 1.1 0.3 (0.3,2.3) 2 0.0 0.09 (0.0,0.3) 116 0.6 0.28 0.2,1.2)
N AK Pen 3214 276 191 (239314 68 0.9 0.54 (0.1,2.1) 2,772 143 115 (12.1,16.6)
NW GOA 48 04 048 (0.1,1.7) 1,024 133 1.64 (10.2,16.6) 1,355 7.0 0.96 (5.2,9.0)
Copper 0 0.0 0.09 (0.0,0.3) 2 0.0 0.10 (0.0,0.3) 0 0.0 0.06 (0.0,0.2)
NE GOA 4 0.0 0.14 (0.0,0.4) 14 0.2 025 (0.0,0.9) 15 0.1 0.11 (0.0,0.4)
Coast SEAK 303 2.6 0.99 (0.8,4.7) 86 1.1 0.84 (0.0,3.0) 378 20 082 (0.4,3.6)
BC 1,905 163 1.62  (13.3,19.7) 1,877 243 187 (20.8,28.1) 3939 203 129 (17.9,23.0)
West Coast US 491 42 0.79 (2.8,5.9) 1,205 168 1.57  (13.8,19.9) 1,904 9.8 082  (83,11.5)
Total Catch 11,659 7,726 19,385
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Appendix 2. -- Continued

Area 509 "A" (N=578)

Area 509 (N=607)

Bering Sea Age 3 (N=384)

Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 0 0.0 0.00 (0.1,0.0) 0 0.0 0.00 (0.1,0.0) 7 1.9 0.76 (0.7,3.6)
Coast W AK 3912 457 4095  (2.4,45.7) 3,843 434 3879 (24434 187 486 294 (42.8,54.3)
Mid Yukon 46 0.5 0.04 (0.4,0.4) 51 0.6 0.11 (0.4,0.5) 2 0.4 0.50 (0.0,1.8)
Up Yukon 8 0.1 0.01 (0.2,0.0) 7 0.1 0.00 (0.2,0.0) 5 1.2 0.66 (0.2,2.8)
N AK Pen 2249 263 22.08 (2.2,26.3) 2,254 255 2143 (2.1,254) 14 3.8 1.32 (1.5,6.7)
NW GOA 24 0.3 0.06 (0.4,0.1) 49 0.6 0.16 (0.6,0.2) 42 109 223 (6.9,15.6)
Copper 0 0.0 0.00 (0.1,0.0) 0 0.0 0.00 (0.1,0.0) 0 0.0 0.11 (0.0,0.3)
NE GOA 2 0.0 0.00 (0.2,0.0) 0 0.0 0.00 (0.2,0.0) 1 0.2 0.39 (0.0,1.4)
Coast SEAK 202 24 0.66 (1.1,2.2) 221 2.5 0.65 (1.2,2.3) 4 1.0 0.64 (0.0,2.5)
BC 1,729 202 16.51  (1.9,20.2) 1,847 209 17.01  (2.0,20.8) 85 221 225 (17.9,26.7)
West Coast US 383 4.5 3.02 (0.8,4.4) 582 6.6 4.77 (1.0,6.5) 38 9.9 1.65 (6.9,13.4)
Total Catch 8,554 8,854 384

Bering Sea Age 4 (N=384) Bering Sea Age 5 (N=384) Bering Sea Age 6 (N=384)
Region Est. # Mean _SD 95% CI Est. # Mean SD 95% CI Est. # Mean _SD 95% CI
Russia 11 1.7 0.58 (0.7,3.0) 0 0.1 0.23 (0.0,0.8) 0 0.0 0.36 (0.0,1.1)
Coast W AK 333 533 236 (48.6,57.9) 200 56.0 3.04 (49.9,61.9) 24 281 587 (17.2,40.1)
Mid Yukon 17 2.7 1.10 (0.8,5.0) 10 29 1.14 (1.0,5.5) 1 1.3 2.06 (0.0,7.0)
Up Yukon 8 1.3 0.81 0.2,3.1) 27 7.7 1.61 (4.8,11.0) 6 6.6 317  (1.6,13.9)
N AK Pen 67 107 1.60  (7.8,14.0) 69 193 250 (14.6,24.3) 51 595 610 (47.3,71.1)
NW GOA 30 4.8 1.31 (2.6,7.7) 1 0.3 0.64 (0.0,2.2) 1 0.8 1.61 (0.0,5.8)
Copper 5 0.7 0.56 (0.3,2.1) 2 0.5 0.49 (0.1,1.8) 0 0.2 0.78 (0.0,2.7)
NE GOA 0 0.0 0.18 (0.0,0.6) 1 02 0.71 (0.0,2.6) 0 0.1 0.77 (0.0,2.6)
Coast SEAK 8 1.3 0.88 (0.0,3.3) 1 04 0.58 (0.0,2.0) 0 0.0 1.00 (0.0,3.5)
BC 100 161 1.62  (13.0,19.4) 39 109 1.71 (7.7,14.4) 2 1.9 1.67 (0.3,6.2)
West Coast US 46 7.3 1.05 (5.49.5) 7 1.9 0.72 (0.7,3.5) 1 1.5 141 (0.0,5.2)
Total Catch 625 357 85
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Appendix 3. -- Regional BAYES stock composition percentage estimates and estimated numbers of previous years of Chinook salmon from
the Bering Sea pollock trawl fisheries. The BAYES mean estimates are also provided with standard deviations (SD), and
the 95% credible intervals (CI). Sample sizes are adjacent to stratum designation. Total catch is the actual catch for that year.

2019 "A" Season (N=1499) "B" Season (N=811) Bering Sea all (N=2,310)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 8 0.1 0.09 (0.0,0.3) 47 0.5 0.27 (0.1,1.1) 60 02 0.13 (0.1,0.6)
Coast W AK 7,055 448 1.67 (41.548.1) 2,812 304 188 (26.8,34.1) 9,901 396 132 (37.0422)
Mid Yukon 6 0.0 0.11 (0.0,0.4) 126 1.4 057 (0.5,2.6) 122 0.5 0.21 (0.2,1.0)
Up Yukon 39 03 0.20 (0.0,0.7) 55 0.6 0.35 (0.0,1.4) 105 04 0.18 (0.1,0.8)
N AK Pen 3420 217 150 (18.8,24.7) 32 04 048 (0.0,1.6) 3,635 146 112  (124,16.8)
NW GOA 36 02 0.37 (0.0,1.3) 1,036 112 143 (8.5,14.1) 964 39 073 (2.5,5.4)
Copper 3 0.0 0.07 (0.0,0.2) 17 02 0.25 (0.0,0.9) 10 0.0 0.09 (0.0,0.3)
NE GOA 2 0.0 0.05 (0.0,0.1) 6 0.1 0.21 (0.0,0.7) 5 0.0 0.07 (0.0,0.2)
Coast SEAK 318 2.0 0.55 (1.0,3.2) 264 29 0.75 (1.5,4.4) 550 22 043 (1.43.1)
BC 3,827 243 118  (22.0,26.7) 2392 259 160 (22.829.1) 6,236 250 096 (23.1,26.9)
West Coast US 1,025 6.5 0.67 (5.3,7.9) 2461 266 1.59  (23.5,29.8) 3395  13.6 074 (12.2,15.1)
Total Catch 15,738 9,246 24,984

2018 "A" Season (N=827) "B" Season (N=470) Bering Sea all (N=1,297)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 0 0.0 0.03 (0.0,0.1) 41 0.8 0.46 (0.1,1.9) 43 03 0.19 (0.0,0.8)
Coast W AK 2974 348 201 (31.0,38.8) 1,613 31.1 250 (26.2,36.0) 4,635 33.8 1.64 (30.6,37.0)
Mid Yukon 36 04 0.51 (0.0,1.7) 65 1.3 1.14 (0.0,3.8) 62 0.5 0.51 (0.0,1.6)
Up Yukon 69 0.8 0.38 (0.2,1.7) 55 1.1 0.79 (0.0,2.8) 122 0.9 0.31 (0.4,1.6)
N AK Pen 2,187 256 186 (22.1,29.3) 153 29 1.05 (1.2,5.2) 2395 175 129 (15.0,20.0)
NW GOA 126 1.5 0.84 (0.1,3.3) 209 40 1.34 (1.8,7.0) 312 23 0.69 (1.1,3.8)
Copper 2 0.0 0.06 (0.0,0.2) 26 0.5 037 (0.0,1.4) 33 02 0.16 (0.0,0.6)
NE GOA 6 0.1 0.20 (0.0,0.6) 2 0.0 0.20 (0.0,0.5) 4 0.0 0.09 (0.0,0.3)
Coast SEAK 279 33 0.79 (1.9,5.0) 273 5.3 1.66 (2.2,8.7) 509 3.7 0.70 (2452
BC 2333 273 1.62 (24.230.6) 1,715 33.0 256 (28.1,38.1) 4,060 296 135 (27.0,32.3)
West Coast US 526 6.2 0.89 (4.5,8.0) 1,039 200 191 (16.423.9) 1,550 113 091 9.6,13.1)
Total Catch 8,535 5,191 13,726

2017 "A" Season (N=1,866) "B" Season (N=753) Bering Sea all (N=2,619)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean _SD 95% CI
Russia 35 02 0.12 (0.0,0.5) 19 02 0.19 (0.0,0.7) 54 0.2 0.10 (0.1,0.4)
Coast W AK 6,118 283 123  (25930.8) 1,019 120 133 (9.5,14.7) 7,113 237 099 (21.7,25.6)
Mid Yukon 136 0.6 0.26 0.2,1.2) 29 03 0.33 (0.0,1.1) 162 0.5 0.21 (0.2,1.0)
Up Yukon 156 0.7 0.27 (0.3,1.3) 1 0.0 0.04 (0.0,0.1) 162 0.5 0.20 (0.2,1.0)
N AK Pen 4465  20.7 1.15  (18.5,23.0) 154 1.8 0.59 (0.8,3.1) 4,490 149 0.87 (13.3,16.7)
NW GOA 78 0.4 0.39 (0.0,1.4) 231 2.7 0.79 (1.3,44) 406 1.4 045 (0.6,2.3)
Copper 2 0.0 0.04 (0.0,0.1) 10 0.1 0.18 (0.0,0.6) 3 0.0 0.03 (0.0,0.1)
NE GOA 13 0.1 0.12 (0.0,0.4) 2 0.0 0.08 (0.0,0.2) 9 0.0 0.07 (0.0,0.3)
Coast SEAK 691 32 054 (2.24.3) 575 6.8 1.24 (4.5,9.3) 1,221 41 052 (3.1,5.1)
BC 7,609 352 1.18  (32.9,37.6) 3,141 371 201 (33.241.0) 10,812 36.0 1.03  (34.0,38.0)
West Coast US 2,303 10.7 0.75 (9.2,12.2) 3291 388 1.87 (352425) 5642 188 0.81  (17.2,20.4)
Total Catch 21,603 8,473 30,076

2016 "A" Season (N=1,488) "B" Season (N=422) Bering Sea all N=1.910)
Region Est. # Mean SD 95% PI Est. # Mean SD 95% PI Est. # Mean _SD 95% PI
Russia 108 0.6 0.25 0.2,1.2) 12 02 0.24 (0.0,0.9) 114 0.5 0.19 (0.2,1.0)
Coast W AK 6,570  39.0 146 (36.2,41.9) 843 165 214  (12.520.8) 7372 336 128 (31.2,36.2)
Mid Yukon 283 1.7 0.40 (1.0,2.5) 18 04 0.60 (0.0,2.0) 327 1.5 034 (0.9,2.2)
Up Yukon 365 22 043 (1.43.1) 34 0.7 048 (0.0,1.8) 406 1.9 035 (1.2,2.6)
N AK Pen 2,839 169 1.17 (14.6,19.2) 56 1.1 0.72 (0.0,2.8) 2927 134 096 (11.5,15.3)
NW GOA 94 0.6 0.46 (0.0,1.6) 298 59 1.54 (3.1,9.1) 458 2.1 0.62 (1.0,3.4)
Copper 3 0.0 0.06 (0.0,0.2) 90 1.8 0.73 (0.6,3.4) 75 03 0.18 (0.1,0.8)
NE GOA 2 0.0 0.07 (0.0,0.2) 2 0.0 0.13 (0.0,0.3) 2 0.0 0.07 (0.0,0.1)
Coast SEAK 663 39 0.72 (2.6,5.4) 333 6.5 1.70  (3.6,10.2) 971 44 0.64 (3.3,5.8)
BC 4394 261 126 (23.7,28.6) 1,888  37.0 2.68 (31.842.3) 6312 288 1.14 (26.6,31.0)
West Coast US 1,506 9.0 0.81 (7.4,10.6) 1,524 299 233  (25.434.5) 2960 135 0.82  (11.9,15.1)
Total Catch 16,828 5,098 21,926
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Appendix 3. -- Continued

2015 "A" Season (N=1,181) "B" Season (N=576) Bering Sea all (N=1,757)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean _SD 95% CI
Russia 75 0.6 0.29 (0.2,1.3) 5 0.1 0.20 (0.0,0.7) 93 0.5 0.21 (0.2,1.0)
Coast W AK 5,644 459 1.87 (42.2,49.5) 1,651 274 236 (22.9,32.1) 7256  39.6 1.60 (36.4,42.7)
Mid Yukon 119 1.0 0.76 (0.0,2.7) 97 1.6 0.67 (0.6,3.2) 304 1.7 0.71 (0.6,3.2)
Up Yukon 448 3.6 0.68 24,5.1) 65 1.1 0.55 (0.2,2.3) 502 2.7 048 (1.9,3.7)
N AK Pen 1,785 145 133  (12.0,17.2) 60 1.0 0.85 (0.0,3.0) 1,943  10.6 1.00 (8.7,12.6)
NW GOA 349 2.8 0.82 (1.4,4.6) 496 82 195 (4.6,12.3) 724 40 0.83 (2.5,5.7)
Copper 21 02 0.36 (0.0,1.3) 3 0.1 0.12 (0.0,0.4) 11 0.1 0.18 (0.0,0.7)
NE GOA 2 0.0 0.10 (0.0,0.2) 4 0.1 0.22 (0.0,0.7) 4 0.0 0.11 (0.0,0.3)
Coast SEAK 475 39 0.72 (2.6,5.4) 381 63 1.39 (3.8,9.3) 828 45 0.67 (3.3,5.9)
BC 2,355  19.1 121 (16.8,21.6) 1,603 266 2.06 (22.6,30.7) 3998 21.8 1.08 (19.7,24.0)
West Coast US 1,030 84 0.84 (6.8,10.1) 1,659 275 195 (23.8314) 2,665 145 0.88  (12.9,16.3)
Total Catch 12,304 6,025 18,329

2014 "A" Season (N=1,066) "B" Season (N=319) Bering Sea all (N=1,385)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean _SD 95% CI
Russia 74 0.6 0.26 0.2,1.2) 13 0.4 0.50 (0.0,1.7) 96 0.6 0.23 (0.3,1.2)
Coast W AK 6,301 546 2.17 (50.4,58.8) 1,109  31.8 3.09 (25.8,37.9) 7314 487 179 (45.2,522)
Mid Yukon 380 33 124 (1.2,5.9) 58 1.7 0.98 (0.1,3.9) 484 32 091 (1.5,5.1)
Up Yukon 471 4.1 0.79 (2.7,5.8) 55 1.6 0.86 (0.3,3.6) 564 3.8 0.66 (2.6,5.1)
N AK Pen 2,624 227 158 (19.7,25.9) 3 0.1 0.31 (0.0,1.0) 2,666 177 135 (15.2,20.4)
NW GOA 16 0.1 0.32 (0.0,1.1) 642 184 2.68 (13.4,23.9) 630 42 1.00 (2.4,6.3)
Copper 1 0.0 0.05 (0.0,0.1) 5 0.1 037 (0.0,1.3) 5 0.0 0.09 (0.0,0.3)
NE GOA 1 0.0 0.05 (0.0,0.1) 3 0.1 0.32 (0.0,1.1) 3 0.0 0.08 (0.0,0.2)
Coast SEAK 68 0.6 0.36 (0.0,1.4) 124 3.6 141 (1.3,6.7) 207 14 043 (0.6,2.3)
BC 1,174 102 0.98 (8.3,12.2) 855 245 259  (19.6,29.7) 2,049 136 1.01 (11.7,15.7)
West Coast US 422 3.7 0.63 (2.5,5.0) 624 179 221 (13.83,22.4) 1,013 6.7 0.76 (5.2,8.3)
Total Catch 11,539 3,492 15,031

2013 "A" Season (N=792) "B" Season (N=454) Bering Sea all (N=1,246)
Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean _SD 95% CI
Russia 74 0.9 0.40 (0.4,1.7) 43 0.9 0.50 (0.2,2.0) 117 09 0.30 (0.4,1.5)
Coast W AK 4,135 502 220 (46.0,54.5) 2490 519 280 (46.4,57.3) 6,530  50.1 1.80 (46.7,53.5)
Mid Yukon 91 1.1 0.60 (0.0,2.6) 91 1.9 1.00 04,4.2) 235 1.8 0.70 (0.6,3.1)
Up Yukon 593 72 1.10 (5.1,94) 67 1.4 0.90 (0.0,3.4) 652 5.0 0.80 (3.5,6.7)
N AK Pen 1,573 19.1 1.80 (15.7,22.8) 283 59 1.50 (3.4,9.0) 1,851 142 140 (11.6,17.0)
NW GOA 41 0.5 0.70 (0.0,2.4) 331 69 1.80 (3.5,10.7) 443 34 1.00 (1.8,5.5)
Copper 8 0.1 0.10 (0.0,0.5) 5 0.1 0.30 (0.0,0.9) 13 0.1 0.20 (0.0,0.7)
NE GOA 0 0.0 0.10 (0.0,0.4) 0 0.0 0.20 (0.0,0.4) 0 0.0 0.10 (0.0,0.3)
Coast SEAK 157 1.9 0.70 (0.8,3.4) 91 1.9 1.10 (0.1,4.5) 313 24 0.60 (1.3,3.6)
BC 1,400 17.0 140 (14.2,19.8) 686 143 190 (10.8,18.2) 2,020 155 1.10 (13.4,17.8)
West Coast US 165 2.0 0.60 (1.0,3.3) 710 148 1.70  (11.6,18.2) 873 6.7 0.80 (5.2,8.2)
Total Catch 8,237 4,797 13,034

2012 "A" Season (N=759) "B" Season (N=352) Bering Sea all (N=1,111)
Region Est. # Mean SD 95% CI Est. # Mean _SD 95% CI Est. # Mean SD 95% CI
Russia 42 0.5 0.27 0.2,1.2) 86 24 0.83 (1.1,4.3) 126 1.1 0.32 (0.6,1.8)
Coast W AK 5266 67.8 222  (63.4,72.1) 1,863  52.1 292  (46.3,57.7) 7,152 63.1 1.83 (59.4,66.6)
Mid Yukon 92 1.2 0.82 (0.0,3.1) 6 02 0.32 (0.0,1.1) 115 1.0 0.59 (0.0,2.3)
Up Yukon 241 3.1 0.82 (1.6,4.8) 35 1.0 0.64 (0.1,2.5) 271 24 0.60 (1.3,3.7)
N AK Pen 1,256 162 1.88  (12.7,20.0) 3 0.1 0.25 (0.0,0.8) 1,227  10.8 1.35 (8.3,13.6)
NW GOA 19 02 035 (0.0,1.2) 135 38 144 (1.3,6.9) 155 1.4 0.73 0.2,3.1)
Copper 2 0.0 0.12 (0.0,0.3) 2 0.1 0.17 (0.0,0.5) 2 0.0 0.07 (0.0,0.2)
NE GOA 6 0.1 0.26 (0.0,0.9) 2 0.1 0.20 (0.0,0.6) 6 0.1 0.17 (0.0,0.6)
Coast SE AK 128 1.7 0.78 (0.3,3.4) 292 82 1.84 (4.5,11.9) 381 34 0.73 (2.0,4.9)
BC 568 73 1.12 (5.2,9.6) 547 153 224 (11.2,20.0) 1,159 102 1.01 (8.3,12.3)
West Coast US 146 1.9 0.51 (1.0,3.0) 609 17.0 2.09 (13.1,21.3) 749 6.6 0.78 (5.1,8.2)
Total Catch 7,765 3,579 11,344
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Appendix 3. -- Continued

2011 "A" Season (N=695) "B" Season (N=1,778) Bering Sea all (N=2,473)

Region Est. # Mean SD 95% CI Est. # Mean SD 95% CI Est. # Mean SD 95% CI
Russia 12 02 0.16 (0.0,0.6) 184 1.0 0.25 (0.6,1.6) 196 0.8 0.19 (0.5,1.2)
Coast W AK 3,856 540 228  (49.6,58.5) 13,549 738 128 (71.3,76.2) 17,421 683 1.16  (66.0,70.6)
Mid Yukon 127 1.8 0.76 (0.6,3.6) 233 1.3 046 (0.5,2.2) 411 1.6 0.46 (0.8,2.5)
Up Yukon 526 74 1.12 (5.3,9.7) 119 0.7 0.35 (0.1,1.4) 627 2.5 047 (1.6,3.4)
N AK Pen 1,556 21.8 1.94 (18.1,25.7) 628 34 0.65 (2.2,4.8) 2,201 8.6 0.81 (7.1,10.3)
NW GOA 41 0.6 0.60 (0.0,2.2) 654 3.6 0.89 (2.0,5.5) 663 2.6 0.67 (14,4.1)
Copper 1 0.0 0.07 (0.0,0.2) 105 0.6 0.30 (0.0,1.2) 69 03 024 (0.0,0.8)
NE GOA 1 0.0 0.09 (0.0,0.2) 26 0.1 0.24 (0.0,0.8) 13 0.1 0.12 (0.0,0.4)
Coast SEAK 218 3.1 0.86 (1.6,4.9) 259 1.4 046 (0.6,2.4) 459 1.8 041 (1.1,2.6)
BC 515 72 1.13 (5.1,9.6) 1,425 7.8 0.71 (6.4,9.2) 1,984 7.8 0.62 (6.6,9.0)
West Coast US 283 4.0 0.78 (2.6,5.6) 1,181 6.4 0.61 (5.3,7.7) 1,461 5.7 049 (4.8,6.7)
Total Catch 7,137 18,362 25,504
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Appendix4. -- 37 SNP DNA markers represented in the Chinook salmon baseline

Locus Ploidy SNPpos Allelel Allele2 Probel Probe2 Primer Primer Conc. (uM)
Ots_AsnRS-60 2 1T C TGAGTCCCTGACCAGC AGTCCCCGACCAGC CCGACGCCTCACTGAGT 0.16
Ots_E2-275 2 1A G CCCCCATATTGCTG CCCCACATTGCTG GGTGCCACTTTAGTATAGCTGCTTA 0.16
Ots_ETIF1A 2 1A C CAACTGAAGAAAATAATATG CTGAAGAAAAGAATATG TCTGAACTCACCAAAGGAACACTTG 0.16
Ots_FARSLA-220 2 1G A CCTTGGATGGGATGTG CCTTGGATAGGATGTG GTTCGTGGGATTGTTCAATGTITCAT 0.16
Ots_FGF6A 2 1G T CACGATTAGCAATGAACAA CACGATTAGCAATTAACAA TCAAAAATGTCTATCCAACAAATACTCTGAAAAATATTG 0.16
Ots_GH2 2 1A T TGACTCTCAGCA[TA]CTG TGACTCTCTGCA[TA]CTG GCGTACTGAGCCTGGATGACA 0.08
Ots_GPDH-338 2 1G A CCACTACTTAACGTGCTTT CCACTACTTAACATGCTTT CACTAAATATTCCTTATCATTTCATACTAAGTCTGAAGAA 0.32
Ots_GPH-318 2 1C T ATCAAGCTGACGAACCA CAAGCTGACAAACCA GGTGATAACAGGTGTTGCACCAA 0.08
Ots_GST-207 2 1C T ATGAGAGAGTCTTTCTCTGTT ATGAGAGAGTCTTTTTCTGIT  GGAGAACATGCATCACCATTCAAG 0.16
Ots_GST-375 2 1C T TTTCTTGTAGGCGTCAGAG TCTTGTAGGCATCAGAG CAGCCCGTCCCAAAATCAAG 0.16
Ots_GTH2B-550 2 1C G ATAACATCTGCAGCATTAA ATAACATGTGCAGCATTAA CACAGGAAGGACGTGTTTTGATG 0.32
Ots_hnRNPL-533 2 1A T CATTTACCAGTTCTCACACAC TTTACCAGTTCACACACAC TCTTTGATATTGAGCTCATAAAAGCAAGGT 0.16
Ots_HSP90B-100 2 1C T TCTATGGTGTGATTCATT TTCTATGGTGTAATTCATT CACCTTAGTTCCACGCAACATG 0.16
Ots_IGF-1.1-76 2 1A T CTGCCTAGTTAAATAAAATA CTGCCTAGTTAAATTAAATA GGTAGGCCGTCAGTGTAAAATAAGT 0.32
Ots_ Ikaros-250 2 1G A ACAGAAGATTTTCGGCTGC ACAGAAGATTTTCGACTGC GAGGCTGACTTGGACTTTGC 0.16
Ots_LEI-292 2 1G A CATCATGTCAGGCCTG ATCATGTCAAGCCTG CACCTGAACCTCCACTGTGT 0.16
Ots_LW Sop-638 2 1T C TTTAACAAGAAAATTATACATTTC CAAGAAAGITATACATTTC CAATTACTCTTTCTCAGCCCTGTGT 0.16
Ots_ MHC1 2 1G A CATCATCCCGTGAGCAG TCATCATCCCATGAGCAG GTCCACATTCTCCAGTACATGTATGG 0.16
Ots_ MHC2 2 1T G CTGGAGCGTTTCTGTA CTGGAGCGTGTCTGTA GTCCTCAGCTGGGTCAAGAG 0.16
Ots_NODI 2 1C G CCAACGGCGACTTG CCAACGCCGACTTG GTGCTGCAGGAACCATGTG 0.08
Ots_P450 2 1T A CCCCGAAGTACTTTT CCCGAAGAACTTTT TGAGCGAGATTTATCAAACTGTCAAAGA 0.32
Ots_Prl2 2 1A G ATGTATTGTTCATTTAATG TGTATTGITCGTTTAATG CCTGGTCTGTTTGTGATCAAGATG 0.16
Ots_RAG3 2 1C T CTCTACAGTATGAACTATG CTCTACAATATGAACTATG CATTTCCACGAAAAGCCAGATGAC 0.32
Ots_RFC2-558 2 1A TGCATGTAACAAATAACAT TGCATGTAACATAACAT AAGGTCTACTCCGGTTGTATTCGGT 0.08
Ots_S7-1 2 1T C TACAGGAGATAAGGTCGCA CAGGA GATAGGGTCGCA TGCCATCATAAACAACCTAACAAGTAACT 0.32
Ots_SCIkF2R2-135 2 1A T ATTCAAAGTCAAATTTT ATTCAAAGTICTAATTTT CCAAATACAGACCAGCTACTTGTGT 0.16
Ots_SERPC1-209 2 1A T CATTCAGCTTTTTTTC ATTCAGCATTTTTTC CTAAGITCTTCCTGCCTAATGTGGAT 0.16
Ots_SL 2 1A G TCAAAGATATGATTCAATTAA AAGATATGGTTCAATTAA AATATTGGCTTTCTGAGAATGCATTTGG 0.16
Ots_SWSlop-182 2 1T A ATGTACTTTAACGATTCATTT ATGTACTTTAACGTTTCATTT TCAAAGACATCGAACACAAGAACGA 0.32
Ots_TAPBP 2 1C T CAGCTGTCCAGTITCTG CAGTTGTCCAGITCTG TTTCTCATCCTTCTCTCTTCCAGTCT 0.08
Ots_Tnsf 2 1A G TGCTCCAGATCTC TGCTCCAGGTCTC GCCAATACGGGTTCTGAACTGT 0.16
Ots_u202-161 2 1T A AGCTAGTGCTTAGCAGCTA[AC] AGCTAGTGCATAGCAGCTA[AC] CACTTTTGACTTTACATGGAACTTAACTCAT 0.32
Ots_u211-85 2 1C T TCCCAAAGTCGAGTGTG CCCAAAGTCAAGTGTG TGGTGAGAGCAGCTTTAAATGTCTT 0.16
Ots_U212-158 2 1G A CTGGAAGAAGGCCTC CTGGAAAAAGGCCTC CCCCATATGAGACGCTACAGTAATG 0.16
Ots_u4-92 2 1T C CTGTGTTGAATTTAACATAAT TCTGTGTTGAATTTAACGTAAT ATCCAAGGAGCCCCATTAAAGATTT 0.16
Ots_u6-75 2 1C T TTAGTCAACTGITGITTTT TTAGTCAACTGTITATTTTT GAAAAAGTAAAGTAAAAGTAAAGTATTATACCACTAAAGACAAT 0.32
Ots_zP3b-215 2 1G T CCAAATATCCTACCCGTGATG CAAATATCCTACCAGTGATG TGCTGAGGACCATCTGCAATTC 0.16
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ABSTRACT

Lagasse, C.R., Fraser, K.A., Houtman, R., Grundmann, E., Komick, N., O’Brien, M., Braithwaite, E.,
Cornthwaite, A. M. 2024. Review of Salmon Bycatch in the Pacific Region 2022/23 Groundfish Trawl
Fishery and Preliminary Results of an Enhanced Monitoring Program. Can. Manuscr. Rep. Fish. Aquat.
Sci. 3273:v+35p.

The Pacific Region groundfish trawl fishery is one of the largest fisheries in British Columbia by catch
volume and value, operating throughout the year with all fishing trips subject to at-sea electronic
monitoring and independent validation of landings via a dockside monitoring program. An enhanced
monitoring and sampling program for salmon bycatch was initiated for all Option A trawl licence holders
on September 26, 2022 to improve the accuracy of estimates of salmon catch by species and collect coded
wire tag (CWT) and stock composition information to assess potential impacts on Chinook salmon
(Oncorhynchus tshawytscha) stocks of concern. This report summarizes estimates of Pacific salmon
bycatch in the groundfish trawl fishery since 2008, with a focus on the 2022/23 fishery. Catch of Pacific
salmon in the 2022/23 fishery was the highest recorded since 2008 with a total catch of 28,117 Pacific
salmon, including 26,273 Chinook salmon. Most of this catch occurred during the enhanced monitoring
period from September 26, 2022 to February 20, 2023, with 15,234 Chinook salmon sampled during this
period for CWT analysis and estimation of stock composition. The enhanced monitoring program will
continue to be implemented through the 2023/24 fishery with additional results described in future
reports.



RESUME

Lagasse, C.R., Fraser, K.A., Houtman, R., Grundmann, E., Komick, N., O’Brien, M., Braithwaite, E.,
Cornthwaite, A. M. 2024. Review of Salmon Bycatch in the Pacific Region 2022/23 Groundfish Trawl
Fishery and Preliminary Results of an Enhanced Monitoring Program. Can. Manuscr. Rep. Fish. Aquat.
Sci. 3273:v+35p.

Les péches au chalut des poisson de fond dans la Région du Pacifique est I'une des plus importantes
pécheries de la Colombie-Britannique en termes de volume et de valeur des prises, opérant tout au long
de lI'année avec toutes les sorties de péche étant soumises a une surveillance électronique en mer et a
une validation indépendante des débarquements via un programme de surveillance a quai. Pour
améliorer I'exactitude des estimations des prises de saumon par espece et recueillir des données sur la
composition des stocks afin d’évaluer les impacts potentiels sur les stocks préoccupants de saumon
quinnat (Oncorhynchus tshawytscha), un programme amélioré de surveillance et d'échantillonnage des
prises de saumon a été lancé pour tous les titulaires de permis de chalutage de I'option A le 26 septembre
2022. Ce rapport résume les estimations des prises de saumon du Pacifique dans la péche au chalut du
poisson de fond depuis 2008, en mettant I'accent sur la péche de 2022-23. Les prises de saumon du
Pacifique dans la péche de 2022-2023 ont été les plus élevées enregistrées depuis 2008 avec une capture
totale de 28 117 saumons du Pacifique, dont 26 273 saumons quinnat. La plupart de ces prises ont eu lieu
pendant la période de surveillance accrue du 26 septembre 2022 au 20 février 2023, avec 15 234 saumons
quinnat échantillonnés au cours de cette période pour l'analyse étiquette de fil codée (CWT) et
|'estimation de la composition du stock. Le programme de surveillance améliorée continuera d'étre mis
en ceuvre tout au long de la péche de 2023-2024 et une période de données plus longue sera décrite dans
les prochains rapports.



INTRODUCTION

The Pacific Region groundfish trawl fishery is one of the largest fisheries in British Columbia by catch
volume and value, operating year-round using either mid-water or bottom trawl gear to target various
flatfish, rockfish, and other groundfish species. The fishery consists of approximately 45 active vessels that
are managed under an individual transferable quota / individual vessel quota system with each vessel
individually accountable for their catch (Fisheries and Oceans Canada 2023a). Management of the fishery
is informed by a comprehensive catch monitoring program with all fishing trips requiring logbook records
and independent validation via at-sea electronic monitoring (EM) and a dockside monitoring program
(DMP).

Recent estimates from catch monitoring data in the groundfish trawl fishery indicated that thousands of
Pacific salmon (Oncorhynchus spp.) were being caught on an annual basis, with most bycatch occurring
using mid-water trawl gear and Chinook salmon (Oncorhynchus tshawytscha) the main species of salmon
being caught. While existing monitoring programs in the trawl fishery provide comprehensive estimates
of catch weights of groundfish species, they were not targeted towards accurate estimation of salmon
piece counts by species or assessment of potential impacts on stocks of concern. Over the past decades,
there have been widespread declines for many stocks of Chinook salmon, and a growing number of
populations are now assessed as at risk by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC 2018, 2020), and designated as stocks of concern by DFO (Fisheries and Oceans Canada 2023b).
In salmon-directed fisheries, monitoring programs require the collection of samples for genetic analysis
and coded wire tag (CWT) recovery to estimate stock composition and impacts on stocks of concern. This
information supports the assessment of fisheries management objectives for stocks of concern, including
for Fraser Chinook stocks (Dobson et al. 2020).

Beginning in 2021, DFO engaged with industry representatives and monitoring service providers to review
monitoring procedures and develop an enhanced monitoring and sampling program for salmon bycatch.
The program was initiated on September 26, 2022, and is ongoing during the 2023/24 fishery. This report
summarizes estimates of bycatch of Pacific salmon in the groundfish trawl fishery since 2008, with a focus
on the 2022/23 groundfish fishing year, which began on February 21, 2022, and ended on February 20,
2023. Preliminary results from the enhanced monitoring program are also provided including CWT and
stock composition analysis.

METHODS

Salmon Bycatch Monitoring and Sampling

Monitoring requirements for the groundfish trawl fishery are detailed in Appendix 8 of the Groundfish
Integrated Fisheries Management Plan (Fisheries and Oceans Canada 2023a). This section provides a brief
overview of monitoring requirements with a focus on changes to catch monitoring and sampling of Pacific
salmon that occurred during the 2022/23 groundfish trawl fishery for Option A licence holders (see Table
1). Groundfish trawl license holders may choose one of two license options at the beginning of each fishing
year that determines allowable fishing locations and gear type: Option B vessels must fish exclusively
within PFMA 12 to 20 and 29 using bottom trawl gear, while Option A vessels may fish in all other areas
and inside PFMA 12 to 20 and 29 using mid-water trawls only. Option A licences represents approximately
40 of the 45 active commercial groundfish trawl licences and the only licence type permitted to use mid-



water trawl gear, and thus this licence type was the focus for changes to monitoring and sampling of
Pacific salmon.

Commercial groundfish trawl catch is monitored and reported using a combination of fisher logbooks,
independent at-sea EM auditing, and DMP validation of landed catch. While at sea, all vessels must keep
accurate records of fishing activities in an electronic fishing logbook while ensuring that the at-sea EM
systems are fully operational. EM system requirements are specified by DFO and include video cameras,
global positioning systems (GPS), and hydraulic sensors. EM information is used to verify the accuracy of
information recorded in fisher logbooks via audits of a random subset of tows from each trip. If fisher
reported information does not meet accuracy requirements, logbook data may be replaced by EM results
and additional audits conducted. Prior to March 2020, independent at-sea monitoring requirements for
Option A trips were fulfilled by the at-sea observer program (ASOP), with the exception of trips targeting
Pacific hake using midwater trawl gear and landing fresh product; however, the ASOP has been suspended
since the Covid pandemic. At the end of each fishing trip, landed catch must be independently validated
by the DMP during offload to ensure accurate catch weights for each species.

Prior to implementation of the enhanced monitoring program, there were no requirements for
monitoring Pacific salmon in the groundfish trawl fishery, other than the requirements that apply to all
species encountered in the fishery. As a prohibited species, Pacific salmon were not allowed to be targeted
and were required to be released at-sea if caught. Therefore, available estimates of Pacific salmon catch
were based on fisher logbook information, with DMP validation only when Pacific salmon were landed
incidentally. Before March 2020, the ASOP provided independent monitoring of retained and released
catch of Pacific salmon as described above. In addition, opportunistic at-sea or shoreside biological
sampling, including the retention of heads from adipose clipped Chinook and Coho and the recording of
lengths and weights, occurred as a lower priority to other groundfish catch monitoring duties.

A review of monitoring procedures beginning in 2021 led to the development of an enhanced monitoring
program for salmon bycatch that revised retention and monitoring requirements in order to provide more
accurate estimates of bycatch counts by species and collect CWT and genetic samples. The enhanced
monitoring program was developed collaboratively with representatives from DFO Pacific Region Science
and Fisheries Management, the groundfish trawl industry, the David Suzuki Foundation, and monitoring
service providers from Archipelago Marine Research Ltd. and J.0. Thomas and Associates Ltd. In
consideration of information needs for assessment and management, the following four objectives were
used to guide development of the program:

1. Accurately estimate fishery catch counts (pieces) of fish of each Pacific salmon species;

2. Ensure sufficiently precise and representative CWT sampling to quantify the fishery
mortality for Chinook CWT exploitation rate indicator stocks;

3. Use genetic stock identification to identify the stock composition of Chinook catch, including
for populations that do not have CWT exploitation rate indicator stocks; and

4. Estimate the spatial and temporal distribution of Chinook catch to determine when and
where mortality on stocks of concern may be occurring.

Objectives 2 to 4 were focused on Chinook salmon as these were the most prevalent salmon bycatch
species, and where potential impacts on stocks of concern were considered most likely. Coho salmon were
also sampled for CWTs and DNA, but represented a much smaller portion of salmon catch. The program
was targeted towards all Option A trawl vessels, but did not include trawl vessels fishing under Option B,



which represent a smaller component of the fishery and do not capture significant amounts of salmon
bycatch because they are not permitted to fish using mid-water trawl gear.

The changes to retention and sampling requirements were implemented via scientific licences under
Section 52 of the Fisheries (General) Regulations (1993). Scientific licences were issued to all Option A
Groundfish trawl vessels authorizing the retention of salmon to enable independent validation of catch
numbers by species and collection of DNA and CWTs. Changing to mandatory retention was not expected
to significantly increase mortality from trawl bycatch; although there are no established mortality rates
for salmon released at-sea caught with trawl gear, all species entering a receiving tank vessel (those
landing catch frozen) have a 100% mortality rate applied and it was assumed that most salmon do not
survive being caught in a trawl net regardless of retention status. The sale, trade, or personal use of any
retained salmon remained prohibited in the licence requirements.

Most Option A trawl vessels land catch fresh and whole, while a few vessels are fitted to process and
freeze landed catch at sea. Different catch retention requirements and sampling procedures were
developed for vessels landing catch fresh versus frozen to achieve monitoring objectives (see Appendix A
for a detailed description of requirements). For vessels landing fresh catch, all Pacific salmon were
required to be retained and landed whole, where they would be subject to DMP validation of catch
numbers and weight by species on all trips. 25% of trips were also targeted for collection of Chinook and
Coho salmon heads by the dockside observer, with sampling of trips randomly selected after vessel hail-
in. A target of 25% was chosen to correspond with the 20% standard sampling rate to recover CWT
indicator stocks in salmon-directed fisheries, plus a 5% buffer for potential implementation error.

For vessels landing frozen catch, which consisted of six active licence holders in the 2022/23 groundfish
Option A trawl fishery, scientific licences required the retention of heads only in recognition of the limited
freezer space available for storage of non-marketable fish. Vessels were responsible for retaining heads,
including gills and collars, and bagging and labelling them on all trips according to instructions provided
by DFO (Appendix B). The requirements specified that salmon heads from each tow should be bagged and
labelled separately so that samples could be matched to tow information such as location and date. At
the end of each trip, heads were to be packaged in larger trip bags and received by the DMP. The 100%
sampling rate was chosen to ensure representative sampling of the small number of vessels that were
able to fish over long periods and wide areas.

After landing, salmon head bags were collected and labelled by dockside observers to allow the bags to
be traced back to the trip, placed in cold storage, and shipped to the sampling service provider, J.O.
Thomas and Associates Ltd. Every head was identified to species, counted, and checked for the presence
of a CWT using specialized electronic detection equipment. CWTs were recovered from all heads that
scanned positive. DNA tissue samples were initially collected from the operculum and then later
changed to cheek tissue to improve success rates of DNA amplification for genetic analysis.

Catch Data Analysis

Summaries of salmon catch information presented in this report are based on commercial groundfish
trawl catch monitoring data, with adjustment of salmon catch using information from the enhanced
monitoring program beginning on September 26, 2022. Commercial groundfish fisher log, ASOP, and DMP
data are housed in the Fishery Operations Systems (FOS) database, DFO’s centralized repository for
commercial fishery data in the Pacific Region. DFO Pacific Science maintains a ‘Groundfish views of FOS’
(GFFOS) database that restructures the data for convenient access for Groundfish scientists.



During the standard monitoring period, prior to September 26, 2022, estimates of salmon bycatch were
compiled from the GFFOS Official Catch table, which summarizes the best available data for each fishing
event (i.e. trawl tow) using fisher logbook, ASOP, and DMP sources. Landed catch for each tow is
calculated by prorating the DMP landed catch at trip offload over the retained catch from logbook and
ASOP sources, such that landed catch for a species added across all tows for a trip will equal the DMP
landed catch for that trip. If there are DMP records for a species that is not recorded in ASOP or fisher
logbook data for a trip, it will be associated with the trip but not assigned to a specific tow, and therefore
catch location and other data may be unavailable. Since 2020, ASOP data has been based on fisher
reported information that is corrected using EM data where the audit reveals consistent differences
between EM and fisher reported catches.

For the enhanced monitoring period, from September 26, 2022 onward, different methods for
determining best estimates of salmon catch by species were applied for landed fresh catch versus frozen
catch corresponding with the different collection methods and sampling requirements. For vessels landing
catch fresh, salmon catch was compiled from the GFFOS Official Catch table and based upon DMP
validation of landed catch. DMP validation occurred on all retained fresh salmon catch due to new
retention requirements, whereas during the standard monitoring period only salmon retained incidentally
would have been validated by the DMP. For the subset of trips where DMP collected Chinook and Coho
salmon heads, the DMP counts of catch by species at offload were compared to counts of salmon heads
by species conducted by J.0. Thomas to confirm accuracy.

For vessels landing catch frozen during the enhanced monitoring period, salmon catch estimates were
derived from lab counts of salmon heads identified to species and matched to trips and tows. If salmon
heads were unable to be matched to tows using label information, salmon catch was estimated from lab
counts over the entire trip and not associated at the tow level, analogous to the method for applying DMP
validation of landed catch. Salmon catch from logbooks in GFFOS were not used to estimate salmon catch
by species, however, they provided information on tows where salmon catch occurred for trips with
missing label information.

The location of salmon catch was determined for individual tows or across a trip using logbook
information. Salmon heads that could be matched to specific tows were assigned to PFMA from the GFFOS
Official Catch table based on tow start and end locations. For salmon heads that could not be matched to
a specific tow, including most catch landed fresh and unlabeled catch landed frozen, catch locations were
inferred for broader regions based on the locations of all tows within a trip. Regions consisted of
geographic groupings of PFMAs (e.g. West Coast Vancouver Island South) and were identified based upon
fishing patterns by catch type and areas of salmon encounters (see Appendix C for correspondence
between Regions, PFMAs, and groundfish management areas). Where logbook records of species catch
by tow occurred within the same Region throughout a trip, all salmon catch from that trip was assigned
to the Region. Using this method, almost all salmon catch during the 2022/23 groundfish trawl fishery
could be assigned to a Region, with only a small proportion of catch remaining in an “unassigned”
category.

Coded Wire Tag and Stock Composition Analysis

A key component of the enhanced monitoring program was the collection of CWTs and DNA tissue from
Chinook salmon to estimate recoveries of CWT exploitation rate indicator stocks and estimate stock
composition. To develop these estimates, salmon bycatch in the trawl fishery was divided into catch strata
that represented different fishing areas, catch type, and time periods. More specifically, each catch



stratum consisted of a combination of Region, whether catch was landed fresh or frozen, and whether
catch occurred from September 26 to December 31, 2022, or from January 1 to February 20, 2023. CWT
Analysis relied on CWT recoveries from all head samples, while stock composition analysis used CWT
recoveries and DNA.

CWT Analysis

CWTs are tiny lengths of metal wire inscribed with a numeric code that are implanted in the snout of
groups of Chinook and Coho salmon juveniles before their ocean migration. When recovered, read with a
microscope and associated with CWT release data, CWTs accurately identify the stock of origin, brood
year, and other associated rearing information of the CWT release group. The Chinook Technical
Committee (CTC) of the Pacific Salmon Commission uses CWTs to perform an annual exploitation rate
analysis (CTC 1988), and currently monitors 45 Chinook CWT exploitation rate indicator stocks within
Canada and the US (see Appendix D for geographic locations, stock acronyms, and full stock names).
Recovery of CWT indicator stocks in salmon-directed fisheries and escapement is used to assess survival,
maturation rates, exploitation, and fishery mortality rates in Canada and United States fisheries, as
required under Chapter 3 of the Pacific Salmon Treaty and reported on annually (e.g. CTC 2023).

To estimate total CWT recoveries for Canadian Chinook CWT exploitation rate indicator stocks, the CWTs
recovered were expanded by the inverse of the sample rate within each catch stratum. Sample rates
corresponded to the number of Chinook salmon heads collected and scanned for CWTs, divided by the
total Chinook salmon catch in each catch stratum. Total CWT recoveries are reported separately by 2022
and 2023 calendar years for consistency with CWT recovery estimates developed by the CTC for Canadian
salmon-directed fisheries.

CWT analytical methods and stock information presented in this report were created from the Mark
Recovery Program Information System (MRPIS). MRPIS is maintained by Salmon Stock Assessment and is
DFQ’s centralized repository for salmon coded wire tag data in the Pacific Region.

Stock Composition Analysis

Stock composition of Chinook salmon catch in each stratum was estimated using both CWT and genetic
methods to identify fish to population or conservation unit of origin, which were rolled up to the stock
management unit (SMU) level for reporting (see Appendix E for SMU assignment tables). CWT recoveries
can determine the stock of origin to high accuracy and resolution; however, they cannot be used to
determine stock composition for hatchery or wild fish that do not have CWTs. Therefore, for fish that did
not contain a CWT, DNA tissue samples were analyzed to determine stock of origin using parentage-based
tagging (PBT) and genetic stock identification (GSI) assighment methods.

GSI assignment matches genetic markers to baselines collected from spawning grounds to identify the
population of origin for wild or hatchery fish, while PBT assignment matches hatchery produced fish back
to their parents, allowing determination of the hatchery of origin and age of sampled fish (Beacham et al.
2018). PBT analysis can only be conducted for populations in which all hatchery brood stock is genotyped,
and therefore can only be applied to fish produced in Canadian hatcheries that have PBT programs in
place. PBT results provide better accuracy than GSI and were used instead of GSI to determine stock of
origin where available, with the combined application of both methods denoted by PBT-GSI.

To determine stock composition of Chinook salmon catch, each stratum was partitioned into fish
containing CWTs and fish that did not contain CWTs, and separate stock proportions for each partition
were calculated using CWT and genetic (PBT-GSI) stock assignments respectively. The overall stock



composition estimate for each catch stratum was calculated by weighting each set of stock proportions
according to their respective catch. The CWT partition represented the proportion of catch estimated to
have CWTs and was equal to the number of CWTs recovered divided by the number of heads scanned for
CWTs within each catch stratum. The PBT-GSI partition consisted of all Chinook salmon estimated to not
have CWTs within the catch strata, and was calculated as the remaining proportion of catch after
subtracting the CWT partition. The sample rate for the PBT-GSI partition was the number of PBT-GSI
samples successfully analyzed divided by the estimated catch without CWTs within each catch stratum,
while the sample rate for the CWT partition was equal to the number of heads scanned for CWTs divided
by the total catch.

In addition to stock identification, results from the PBT analysis provided information on brood year
composition, which can be used to calculate salmon age by subtracting the year a fish was caught from
the brood year. Chinook salmon from the 2020 brood year would represent age 2 fish if caught in 2022
and age 3 fish if caught in 2023. While CWTs can also provide brood year information, most Canadian CWT
indicator stocks from the 2019 brood year were not tagged due to the Covid pandemic. Therefore, brood
year compositions based upon CWTs are not reported due to expected bias.

RESULTS

Salmon Catch

Catch of Pacific salmon was estimated from the standard monitoring program beginning in 2008, the first
full year where data are stored in the Fishery Operations System (FOS) database, up until September 25,
2022, while catch between September 26, 2022 to February 20, 2023 was estimated from the enhanced
monitoring program procedures. Annual totals of salmon bycatch by species, numbers of fishing trips,
tows using mid-water gear type, and total landed catch weights are summarized by groundfish fishing
year from 2008/09 to 2022/23 in Table 2. Annual salmon bycatch by calendar year from 2008 to 2022 are
summarized in Table 3. Monthly catch of salmon by species for the 2022/23 fishery is provided in Table 4.
Table 5 provides salmon catch by species for the 2022/23 fishery within each Region, catch type, and time
period strata (for catch by PFMA in the 2022 calendar year see Appendix F). Key catch results are
summarized below:

e Estimated bycatch of Pacific salmon in the groundfish trawl fishery for the 2022/23 groundfish
fishing year was the highest recorded among recent years with a total catch of 28,117 salmon
(Table 2). The second highest fishing year was 2020/21 with a total catch of 12,354 salmon.

e Chinook salmon was the primary salmon species caught in the 2022/23 groundfish fishing year
with an estimated catch of 26,273, representing 93% of total salmon catch. Chinook salmon
represent greater than 80% of Pacific salmon bycatch in most groundfish fishing years from
2008/09 to 2022/23.

e Estimated catch of other salmon species caught in the 2022/23 groundfish fishing year was 625
Coho salmon, 1097 Chum salmon, 18 Pink Salmon, and 42 Sockeye salmon. There were 123
salmon that were reported as Pacific salmon and trout that could not be identified to species
either by fisher or independent monitoring programs.

e Most salmon bycatch in the 2022/23 groundfish fishing year occurred during the enhanced
monitoring period, with 18,867 salmon caught between September 26, 2022 and February 20,



2023. The highest monthly catch occurred in October and February, with 8,268 and 3,272
salmon caught in these months respectively (Table 4).

The Regions with the highest salmon catch in 2022/23 were Queen Charlotte and Johnstone
Strait with 12,176 salmon caught, followed by WCVI South with 10,428 salmon, and Strait of
Georgia with 3,264 salmon (Table 5). There were only 540 salmon caught in the North Coast
Region, while 1,065 salmon were caught in the WCVI North Region. 644 salmon were
unassigned and could not be associated to a specific Region.

There were 6 active licences for vessels landing frozen catch in 2022/23 that caught 74% of
salmon in the trawl fishery, corresponding to 20,745 salmon pieces including 19,026 Chinook
salmon. All of the 12,176 salmon caught in the Queen Charlotte and Johnstone Strait Region
were landed frozen catch, while the remaining landed frozen catch of salmon mostly occurred in
the WCVI South Region where 7,135 salmon were caught by these vessels.

For vessels landing fresh catch, 3,293 pieces or 45% of this salmon catch in 2022/23 occurred in
the southern West Coast Vancouver Island Region, while 3,264 pieces or 44% of salmon catch
occurred in the Strait of Georgia.

96% of salmon were caught using midwater trawl gear during the 2022/23 fishery. 26,907
salmon were caught in tows with midwater trawl gear as the reported gear type, while 807
salmon were caught with bottom trawl gear. 403 salmon were caught with an unspecified or
unavailable gear type.

There were 847 unique trawl fishing trips and 3,424 tows with mid-water trawl gear that
occurred in the 2022/23 groundfish fishing year (Table 2). This was lower than the annual
average from 2008/09 to 2022/23 of 1,316 trips and 3,699 mid-water tows. Total landed catch
of Pacific Hake (Merluccius productus) in 2022/23 was among the lowest in the time series at
38,560,000 kg compared to the average of 66,402,000 kg; however, landed catch of Walleye
Pollock (Gadus chalcogrammus) was the highest in the time series at 9,412,000 kg compared to
the average of 4,945,000 kg.

Salmon catch was concentrated within a small proportion of trawl fishing trips and tows. Out of
the 847 trips in the 2022/23 groundfish fishery, the 10 trips with the highest salmon catch
caught 15,145 salmon, or 54% of the total salmon catch. Out of the 3,424 tows using mid-water
trawl gear in 2022/23, 42 tows caught more than 100 salmon, while no salmon catch was
recorded in 2,616 or 76% of tows.

Coded Wire Tag and Stock Composition Results

Estimates of the catch of Canadian exploitation rate indicator stocks and stock composition for Chinook
salmon cover the enhanced monitoring period from September 26, 2022 to February 20, 2023. Although
this period represents less than 5 months of sample collection, it coincided with the period of highest
salmon bycatch in recent years within the groundfish trawl fishery, with a total of 15,642 Chinook salmon
heads collected.

Every Chinook salmon head collected was scanned for CWTs, yielding 2,051 CWTs from Canadian and US
tagging projects, and 298 CWTs from Canadian exploitation rate indicator stocks. More than 35% of catch
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was sampled from all catch strata, except in the WCVI North, WCVI South, and North Coast Regions where
smaller catches occurred. There were 1,913 DNA samples that were successfully analyzed for PBT-GSI
among sampled Chinook salmon without CWTs, out of which 362 were identified to stock of origin by PBT
and 1,555 were identified by GSI. PBT-GSI sample sizes and sample rates varied considerably and not all
catch strata were sufficiently represented to accurately estimate stock composition, particularly those
catch strata occurring in the WCVI North and WCVI South Regions where sample rates were 2% or less.

The number of Chinook salmon sampled, numbers and proportions of CWTs, and sample rates for CWT
and PBT-GSI are summarized by catch strata in Table 6. Estimates of total CWT recoveries of Canadian
exploitation rate indicator stocks are provided in Table 7, including a comparison to 2022 estimates of
CWT indicator stock recoveries in Canadian marine salmon-directed fisheries. Stock composition
estimates using combined CWT and PBT-GSI stock assignments are provided for southern BC Chinook
salmon SMUs in Table 8 and for northern BC SMUs in Table 9. The brood year composition of PBT samples
is summarized by catch strata in Table 10.

Key observations from CWT and genetic analysis are as follows:

e The highest estimated CWT recoveries for Canadian exploitation rate indicator stocks were from
Chilliwack, Harrison, and Cowichan stocks, with estimates of 76.1, 40.5, and 37.6 respectively
during the 2022 calendar year (Table 7). By comparison, total estimated CWT recoveries for the
2022 calendar year from Canadian salmon-directed fisheries in marine areas was 178.1, 87.8,
and 276.6 for Chilliwack, Harrison, and Cowichan stocks respectively. Comparisons between
estimated CWT recoveries in fisheries are based on CWT sampling over the entire year in
salmon-directed fisheries, while trawl CWT sampling occurred from September 26 to December
31, 2022 and has not been expanded to represent catch prior to the enhanced monitoring
period.

e Other Canadian exploitation rate indicator stocks in trawl samples included Big Qualicum River,
Nicola River, Robertson Creek, Puntledge River, and Quinsam River. Estimated CWT recoveries
of the US Samish River indicator stock, included as a proxy for Boundary Bay Chinook, was 63.1
in 2022. There were no CWT recoveries of the Similkameen River stock, which is used as a proxy
for Canadian Okanagan Chinook. Proxies were used to provide an indication of potential
fisheries catch for Boundary Bay and Canadian Okanagan Chinook because there is no Canadian
indicator stock for these populations (Dionne et al. 2023, Matylewich et al. 2019).

e The stock composition of Chinook salmon represented by Canadian-origin stocks, as estimated
based upon combined CWT and PBT-GSI information, varied from 21% to 83% among catch
strata. The highest proportions of Canadian-origin stocks were estimated in the Strait of Georgia
Region, with estimates of 82% to 83%. In the Queen Charlotte & Johnstone Strait Region, where
the largest amount of Chinook salmon catch occurred, the Canadian proportion was estimated
at 37% for bycatch occurring between September 26 to December 31, 2022, and 60% for
bycatch occurring between January 1 to February 20, 2023.

e Most of the Canadian-origin Chinook salmon catch originated from the Fraser Fall 4(1), Lower
Georgia Strait, and Middle Georgia Strait SMUs according to stock composition estimates (Table
8). Fraser Fall 4(1), which includes Chilliwack and Harrison Chinook CUs, was the highest
proportion of catch among Canadian SMUs, representing 21% to 51% of Chinook catch within
the Queen Charlotte & Johnstone Strait and Strait of Georgia Regions. Stocks of concern that



were represented by smaller proportions in some catch strata included Fraser Spring 4(2), Fraser
Spring 5(2), Fraser Summer 5(2), and WCVI Chinook. Central Coast, Skeena, and Nass were the
only northern BC SMUs detected and represented a much smaller proportion of the catch than
southern BC SMUs (Table 9).

Most Canadian-origin Chinook salmon that could be assigned to brood year using PBT belonged
to the 2020 brood year, which represented 69% of the 141 PBT observations from catch
occurring between September 26 and December 31, 2022 and 91% of the 226 PBT observations
from catch occurring between January 1 and February 20, 2023 (Table 10).

DISCUSSION

This report summarizes estimates of salmon bycatch in the groundfish trawl fishery since 2008, with a
focus on estimates for the 2022/23 fishery and results from an enhanced monitoring program that was
implemented beginning on September 26, 2022. As this is a new monitoring program, the results may be
subject to change and further revisions. There are also several sources of uncertainty and limitations that
should be considered when interpreting results.

Known sources of uncertainty and limitations in the results include:

Catch counts (pieces) for salmon may be incomplete or lower accuracy prior to the enhanced
monitoring program. Catch weight by species is the primary metric for quota management and
catch reporting used in the groundfish trawl fishery, however, piece counts of fish are used
throughout this report as they are the metric used to manage salmon-directed fisheries. Salmon
piece counts of released catch were not subject to DMP, auditing, or verification of species,
except by the ASOP prior to March 2020.

Estimates of CWT recoveries of Canadian Chinook indicator stocks (Table 7) do not include fish
from the 2019 brood year for most stocks because they were not tagged with CWTs due to the
Covid pandemic. Estimates may therefore be lower than would otherwise have occurred if CWT
tagging had included the 2019 brood year. For exploitation rate analysis, the Chinook Technical
Committee has developed infilling methods to compensate for this missing information using
the long time series of CWT data (CTC 2023); however, this was not possible for the trawl
fishery.

Estimates of CWT recoveries of Chinook indicators are provided irrespective of age and have not
been adjusted into adult equivalent mortalities according to models developed and applied by
the CTC when reporting on CWT-based exploitation rates in salmon-directed fisheries (see CTC
2019, page 9). By adjusting fishery catches into adult equivalent mortality based on age and
stock, CTC models are intended to more accurately represent the numbers of fish of a given age
that would, in the absence of fishing, leave the ocean and return to terminal areas to spawn.
Available information from PBT brood year assignments (Table 10), while limited in its
representation of the fishery, suggests that most Chinook salmon caught in the trawl fishery
during the enhanced monitoring period were from the 2020 brood year or 2-3 year olds. This is
younger than most Chinook salmon catch in salmon-directed fisheries and therefore catch
numbers in trawl and salmon fisheries may not be directly comparable in terms of adult
equivalent mortality.



e Estimates of CWT recoveries of Chinook indicators and stock composition only represent the
enhanced monitoring period occurring in the final 5 months of the 2022/23 groundfish fishery
year. Fishing activity in the trawl fishery changes throughout the season and across years in
response to various factors, therefore, the results should not be considered representative of
the entire fishery or other years. Stock and age composition may also vary considerably
between years and during the year as a result of changing distributions and abundances of
Chinook salmon populations.

e Stock proportions of Chinook salmon SMUs (Table 8 and 9) are derived from PBT-GSI results that
have low sample rates for some catch strata, particularly for bycatch occurring in October and
November 2022 and in WCVI Regions.

e During the first few months of the enhanced monitoring program, PBT-GSI analysis had low
success rates because DNA tissue collected from the operculum was inadequate quality. As a
result, sampling rates were lower for PBT-GSI stock assighnments at the beginning of the
enhanced monitoring program. DNA sampling protocols were revised to collect samples from
cheek tissue for the remainder of the program, resulting in improved rates for successful PBT-
GSI analysis.

Despite potential sources of uncertainty, monitoring data shows that bycatch of Pacific salmon in the
groundfish trawl fishery were the highest on record during the 2022/23 fishery, as estimated using a
combination of standard and enhanced monitoring procedures. Most bycatch occurred around the
southern West Coast Vancouver Island and the Queen Charlotte & Johnstone Strait Regions during a small
number of fishing trips, primarily from vessels landing frozen catch. Most salmon were caught using mid-
water trawl gear, with less than 4% of salmon caught when using bottom trawl gear. Many of these mid-
water trawl tows with salmon bycatch targeted Pacific Hake and Walleye Pollock, though detailed
information on target species associated with salmon bycatch was not examined.

There are many factors that may influence the prevalence and distribution of salmon bycatch in the trawl
fishery. An analysis of these factors and the spatiotemporal dynamics of salmon encounters was not
included in this report; however, information on total landed catch of groundfish species and the number
of fishing trips and mid-water tows suggest that overall fishing activity in the 2022/23 groundfish fishing
year did not increase compared to previous years, with the exception of landed catch of Walleye Pollock.
Further analyses could explore the use of spatiotemporal models as a forecasting tool to predict Chinook
salmon bycatch associations with target species, locations, depths, times, and other fishing characteristics
(e.g. Shirk et al. 2023).

Stock composition estimates and recoveries of CWT indicators during the enhanced monitoring period
indicate that the Fraser Fall 4(1) SMU is the largest proportion of catch among Canadian-origin stocks,
followed by Lower Georgia Strait and Middle Georgia Strait SMUs. Due to sampling gaps and the limited
time series represented by these results, stock composition estimates were not applied to Chinook salmon
catch to calculate catches by SMU or determine exploitation rate indices, as has been applied to salmon-
directed fisheries to assess achievement of fisheries management objectives for Fraser Chinook stocks of
concern (Dobson et al. 2020); however, estimates of total CWT recoveries are provided for Canadian
exploitation rate indicator stocks to compare with marine salmon-directed fisheries, albeit with some
limitations and differences. These comparisons show that estimates of CWT indicators in the groundfish
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trawl fishery for Chilliwack and Harrison River Chinook between September 26 to December 31, 2022
were more than 40% of CWT recoveries from salmon-directed fisheries in Canadian marine waters in
2022. Relative proportions between groundfish trawl catch and marine salmon-directed fisheries were
variable for other indicator stocks, and these comparisons do not include estimates of CWT recoveries
that occur in freshwater or terminal fisheries.

Implementation of the enhanced monitoring program will continue through the 2023/24 Option A
groundfish trawl fishery and mandatory retention requirements to collect head samples have been
ongoing since the program was initiated. Results from the enhanced monitoring program that include
2023/24 will be described in future reports. Additional monitoring information will support more
comprehensive assessments of groundfish trawl fishery bycatch of Chinook salmon stocks of concern
compared to the limited time series represented in this report.
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TABLES

Table 1 — Summary of salmon bycatch monitoring and sampling requirements in the Option A groundfish trawl fishery for the standard and enhanced monitoring periods.

Standard Monitoring Period

Enhanced Monitoring Period

Time period

All catch monitoring results prior to
September 26, 2022

September 26, 2022 to February 20, 2023, ongoing
as of report publication

Vessels landing fresh

Retention of salmon prohibited

100% retention of entire salmon to enable accurate

Retention catch enumeration and sampling
requirements by
catch type Vessels landing frozen | e Retention of salmon prohibited e 100% retention of salmon heads only, vessels
catch responsible for cutting and bagging heads
Vessels landing fresh e Fisher loghook reporting of at-sea released e Fisher logbook reporting of counts and weights of
catch salmon catch retained salmon catch.
e ASOP catch monitoring up until March 2020 e DMP counts and weights of all landed salmon catch
e DMP counts of any landed salmon by species by species
Species e 25% of trips randomly selected for collection of
. - p . Chinook and Coho salmon heads by DMP
identification and I
counts e Lab: Counts and speciation of all salmon heads

Vessels landing frozen
catch

Fisher loghook reporting of at-sea released
salmon catch

ASOP catch monitoring up until March 2020
DMP counts of any landed salmon by species

Fisher logbook reporting of counts and weights of
at-sea retained salmon catch with EM auditing
100% of trips targeted for collection of salmon
heads (all species)

Lab: Counts and speciation of all salmon heads

Coded wire tag

Vessels landing fresh
catch

No random/representative requirement for
sampling of CWTs
ASOP opportunistic sampling of CWTs

25% of trips randomly selected for collection of
Chinook and Coho salmon heads at offload
Lab: All heads sampled for CWTs

Vessels landing frozen
catch

No requirements for DNA sampling

sampling - . - - -
Vessels landing frozen | ¢ No random/representative requirement for e 100% of trips targeted for collection of salmon
catch sampling of CWTs heads, bagged and labelled by tow
e ASOP opportunistic sampling of CWTs e Lab: All heads sampled for CWTs.
Vessels landing fresh e No requirements for DNA sampling e Lab: All heads sampled for DNA; Sub-sample of
catch Chinook salmon heads selected for genetic analysis
DNA sampling

Lab: All heads sampled for DNA; Sub-sample of
Chinook salmon heads selected for genetic analysis
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Table 2 — Summary of annual coastwide salmon catch (numbers of fish retained and released) by species, number of fishing trips, tows with mid-water gear type, and landed
catches (kg) in the groundfish trawl fishery reported by groundfish fishing year (February 21 of the starting year to February 20 of the subsequent year). Unidentified salmon
catch was reported as Pacific salmon and trout and represents salmonids that could not be identified to species either by fisher or independent monitoring programs.

Groundfish Al Chinook Coho Chum Pink | Sockeye | Unidentified # of # of mid- Landed Landed

fishing sa(Ln::;n (# of (# of (# of (# of (# of salmon trawl water Tz::lc:‘a(nkdg()ed catch Pacific V\::Itlg;e
year fish) fish) fish) fish) fish) fish) (# of fish) trips tows Hake (kg) Pollock (kg)
2008/09 3,470 3,121 56 195 19 0 79 1,882 4,029 | 103,600,000 73,800,000 1,606,000
2009/10 9,611 8,628 95 191 566 32 99 1,586 2,967 85,280,000 55,780,000 3,570,000
2010/11 7,364 6,973 62 185 44 21 79 1,537 3,333 85,760,000 56,020,000 3,706,000
2011/12 11,193 9,808 242 457 328 22 336 1,534 3,500 90,780,000 55,400,000 3,866,000
2012/13 8,062 7,119 418 253 25 18 229 1,369 3,286 81,190,000 46,910,000 5,807,000
2013/14 4,813 3,034 292 218 700 16 553 1,395 3,415 90,790,000 54,060,000 4,063,000
2014/15 7,668 6,641 234 240 125 23 405 1,151 2,671 79,640,000 37,440,000 7,006,000
2015/16 7,645 6,319 193 794 122 80 137 1,049 2,673 80,470,000 45,420,000 3,984,000
2016/17 3,510 2,469 403 296 21 28 293 1,268 3,454 | 109,800,000 74,610,000 2,340,000
2017/18 8,265 7,320 113 394 157 39 242 1,374 3,988 | 124,300,000 90,780,000 3,363,000
2018/19 8,886 8,290 123 284 46 16 127 1,403 4,741 | 133,200,000 | 102,400,000 3,275,000
2019/20 7,680 6,776 199 294 80 59 272 1,304 5,063 | 132,200,000 98,830,000 7,587,000
2020/21 12,354 11,848 27 197 30 2 250 1,141 5,030 | 127,300,000 | 102,100,000 6,006,000
2021/22 11,627 9,635 695 708 572 17 0 907 3,912 98,350,000 63,930,000 8,588,000
2022/23 28,117 26,273 625 1,097 18 42 123 847 3,424 74,710,000 38,560,000 9,412,000
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Table 3 — Estimated annual coastwide salmon catch (numbers of fish retained and released) by species in the groundfish trawl fishery reported by calendar year.

Calendar year Total salmon Chinook Coho Chum Pink catch Sockeye Unidentified

catch catch catch catch catch salmon catch
2008 3,209 2,871 26 191 19 0 102
2009 9,646 8,666 121 178 566 32 83
2010 7,582 7,097 65 205 44 20 151
2011 11,081 9,753 242 456 325 23 282
2012 8,299 7,404 378 254 28 18 217
2013 4,681 2,898 289 212 701 14 567
2014 7,299 6,303 247 244 121 24 360
2015 8,171 6,731 211 795 119 81 234
2016 3,157 2,211 400 290 28 28 200
2017 6,839 5,944 129 394 93 39 240
2018 9,218 8,514 119 288 85 16 196
2019 7,828 6,945 146 292 96 55 294
2020 10,002 9,442 83 178 39 6 254
2021 14,270 12,255 697 729 572 17 0
2022 24,457 22,624 613 1,101 16 42 122
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Table 4 — Coastwide monthly catch by salmon species (numbers of fish retained and released) in the groundfish trawl fishery for the 2022/23 Groundfish Fishing Year (February
21, 2022 to February 20, 2023). The number of salmon heads collected represents heads that were counted and identified to species by independent lab verification as part of
the enhanced monitoring program, and are included in monthly catches by species.

Month s:;:\:ac‘:n ! ;:Iar:(sm Chinook Coho Chum Pink catch Sockeye Steelhead Un;:Ier:gzied
catch collected catch catch catch catch catch catch
F::bzzis_ 67 0 67 0 0 0 0 0 0
Mar 514 0 514 0 0 0 0 0 0
Apr 267 0 189 13 61 1 3 0 0
May 1,117 0 1,044 7 66 0 0 0 0
Jun 495 0 464 2 29 0 0 0 0
Jul 1,978 0 1,963 6 3 4 0 0 2
Aug 2,704 0 2,053 547 90 1 13 0 0
Sep 2,227 1 2,029 33 53 9 25 0 78
Oct 8,268 7,129 7,518 4 767 1 0 0 39
Nov 2,625 2,124 2,594 1 27 0 1 0 2
Dec 2,827 2,556 2,825 0 1 0 0 0 1
Jan 1,756 1,585 1,755 1 0 0 0 0 0
::: ;"-) 3,272 3,057 3,258 11 0 2 0 0 1
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Table 5 — Total salmon catch (numbers of fish retained and released) by species, Region (see Appendix C for included PFMAs) and catch type for the 2022/23 groundfish fishery

year (February 21, 2022 to February 20, 2023). Catch in the Unassigned Region could not be associated to a single geographic Region.

Region Catch tvpe Total salmon | Total heads Chinook Coho Chum Pink Sockeye Unidentified
& P catch sampled catch catch catch catch catch salmon catch
FRESH 87 4 44 15 20 5 3 0
North Coast
FROZEN 453 346 427 11 8 1 6
QC & ISt FRESH 0 0 0 0 0 0 0 0
Strait FROZEN 12,176 11,987 11,649 4 513 2 25 3
Strait of FRESH 3,264 1,162 3,220 4 40 0 0 0
Georgia FROZEN 0 0 0 0 0 0 0 0
wWceVvi FRESH 360 2 355 1 0 0 0 4
NORTH FROZEN 705 393 383 27 309 0 1 11
FRESH 3,293 105 3,280 12 1 0 0 0
WCVI SOUTH
FROZEN 7,135 1,965 6,299 550 179 10 13 99
FRESH 368 216 348 1 19 0 0
Unassigned
FROZEN 276 272 268 0 8
FRESH 7,372 1,489 7,247 33 80 5 3 4
TOTAL
FROZEN 20,745 14,963 19,026 592 1,017 13 39 119
TOTAL 28,117 16,452 26,273 625 1,097 18 42 123
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Table 6 — Summary of Chinook catch (numbers of fish), sample sizes of CWTs and PBT-GSI, and sample rates for CWT and stock composition analysis in the Groundfish Trawl
Fishery during the enhanced monitoring period (September 26, 2022 to February 20, 2023). The CWT sample rate is equal to the proportion of Chinook catch that had heads
collected and scanned for CWTs, while the CWT Partition is the proportion of heads that contained CWTs from those that were scanned. The PBT-GSI partition is the remaining
fraction without CWTs where stock composition is estimated from PBT-GSI samples. The PBT-GSI partition sample rate is the proportion of Chinook catch without CWTs that
have been analyzed using PBT-GSI, while the CWT partition sample rate is the same as the CWT sample rate.

CWT Analysis Stock Composition Analysis
. Chinook # Indicator PBT-GSI
Time | . . | Catch c::'c':‘(’:'; o | sampled S::‘VTIe #CWTs | CWTs from cwT PBT-GSI | #PBT-GSI | Partition
period J type fish) (# heads Rat’:: recovered Canadian Partition | Partition analyzed Sample
collected) Stocks Rate
North FRESH 23 2 9% 0 0| 0.0% 100.0% 0 0%
Coast FROZEN 342 339 99% 67 19.8% 80.2% 38 14%
Q;th;thSt FROZEN 7212 7212 100% 1088 116 15.1% 84.9% 306 5%
$ep26 - | strait of . . . .
Dec 31 Georgia FRESH 2606 1037 40% 95 17 9.2% 90.8% 315 13%
2022 Wevi | FRESH 178 0 0% 0 0
North FROZEN 193 190 98% 28 14.7% 85.3% 47 29%
WCVI FRESH 271 9% 35% 5 0| 52% 94.8% 5 2%
South FROZEN 1941 1941 100% 203 15 10.5% 89.5% 18 1%
. __________________________________________ ______________________________________|
North FRESH 0 0 0
Coast FROZEN 2 0 0% 0 0
Qsctf;thSt FROZEN 4287 4287 100% 558 144 13.0% 87.0% 1068 29%
Jan1- :
Feb 20 Zt;':g:’: FRESH 247 120 49% 6 4 5.0% 95.0% 111 47%
2023 WCVI | FRESH 43 2 5% 0 0 0.0% |  100.0% 0 0%
North | FROZEN 0 0 0 0 0
WCVI FRESH 332 7 2% 1 0 14.3% 85.7% 5 2%
South FROZEN 1 1 100% 0 0 0
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Table 7 — Estimates of CWT recoveries of Canadian exploitation rate indicator stocks in the Groundfish Trawl Fishery during the enhanced monitoring period (September 26,
2022 to February 20, 2023). The CWT sample rate is equal to the proportion of Chinook catch that had heads collected and scanned for CWTs for each combination of Region,
catch type and calendar year. Regions without any CWTs recovered from indicator stocks are excluded from the table. Estimates of CWT recoveries of indicator stocks for
2022 salmon-directed fisheries in BC marine waters are provided for comparative purposes. For consistency with trawl estimates, estimates for salmon-directed fisheries do
not include incidental mortality, do not represent adult equivalents, and have not been infilled to compensate for missing observations on 2019 brood years due to lack of
tagging. These estimates may therefore differ from numbers reported in PSC Chinook Technical Committee reports.

Canadian CWT stock codes are as follows: CHI = Chilliwack River; HAR = Harrison River; BQR = Big Qualicum River; COW = Cowichan River; NIC = Nicola River; RBT = Robertson

Creek; PPS = Puntledge River; QUI = Quinsam River

Time Catch cwr
Period Region Tvoe Sample CHI HAR BQR cow NIC RBT PPS Qul SAM! | SMK?
yp Rate
':2::: FROZEN 99% 1 0 0 0 0 0 0 0 3 0
Qgtf;ijts’t FROZEN 100% 57 31 12 14 1 1 0 0 36 0
SSP 2:1' SGt:'rtgf’: FRESH 40% | 101 25 5 26| 25 0 0 o| 151 0
ec
2022 l‘\ﬁ) cr\tI|: FROZEN 98% 1 0 0 0 0 0 0 0 1 0
;I::EY!: FROZEN 100% 7 7 0 1 0 0 0 0 8 0
TOTAL 76.1 | 40.5 17 376 | 3.5 1 0 0| 631 0
Estimated CWT recoveries in
2022 BC marine salmon-directed 178.1 87.8 7.2 276.6 21.5 2609 5.1 275.3 412.8 87.9
fisheries retained catch
|
Qstf;if't FROZEN 100% 56 73 5 7 1 0 1 1 10 0
Jan1l-
F:gzgo Ztngg‘l’: FRESH 49% 2.1 4.1 0 21 0 0 0 0 0 0
TOTAL 58.1 | 77.1 5 9.1 1 0 1 1 10 0

1 SAM = Samish River is a US stock and has been included as a proxy for Boundary Bay Chinook
2 SMK = Similkameen River is a US stock and has been included as a proxy for Okanagan Summer Chinook
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Table 8 — Stock composition for Southern BC Canadian stock management units of Chinook salmon during the enhanced monitoring period (September 26, 2022 to February
20, 2023) across Region, catch type, and time period strata. Stock proportions are estimated using weighted proportions from CWT and PBT-GSI samples, with CWT stock
proportions applied to fish with CWTs and PBT-GSI proportions applied to the remaining subset of fish without CWTs. Stock composition estimates from strata with less than

5% CWT or PBT-GSI sample rates have not been estimated due to low sample sizes.

. inoo b raser raser raser raser raser ower iddle pper
Time Catch Chi k % F F F F F L Middl V) SC
. egion catc anadian a um. um. pring pring eorgia eorgia eorgia ainlan
eriod Regi tvpe h (# | Canadi Fall S S Spri Spri G i G i G i wcvi Mainland
P YP of fish) origin 4(1) 4(1) 5(2) 4(2) 5(2) Strait Strait Strait Inlet
North FRESH 23
oast 5% 6% 1% 1% .0% .0% A% 2% .0% 2% .0%
C FROZEN 342 23.5% 6.6% 2.1% 2.1% 0.0% 0.0% 2.1% 4.2% 0.0% 4.2% 0.0%
JSt
Q;:tf;its FROZEN 7212 36.9% | 21.4% 0.0% 0.0% 0.0% 0.6% 4.4% 10.2% 0.3% 0.0% 0.0%
Sep26- Mgt of
Dec 31 . L/ D/ U U7 a8/ D/ .07 D/ 87 .U D/
Georgia FRESH 2606 82.2% 49.5% 0.0% 0.0% 0.4% 0.3% 17.6% 13.5% 0.4% 0.0% 0.3%
2022
WCVI FRESH 178
. 0 . 0 . 0 . 0 . 0 . (] . (] . 0 . (] . (] . (]
North FROZEN 193 36.8% 27.7% 0.0% 1.8% 0.0% 0.0% 3.6% 3.6% 0.0% 0.0% 0.0%
WCVI FRESH 271
South FROZEN 1941
- - - - |
QC & JSt
. . 0 . 0 . 0 . 0 . 0 . (] . (] . 0 . (] . 0 . (]
Strait FROZEN 4287 60.2% 51.1% 0.0% 0.0% 0.0% 0.0% 2.6% 5.6% 0.1% 0.2% 0.3%
Strait of
Jan1l- Georgia FRESH 247 82.8% | 41.4% 0.0% 0.0% 0.0% 0.0% 17.2% 22.5% 0.0% 0.0% 0.0%
Feb20 [— Csl
2023 FRESH 43
North
WCVI
South FRESH 332

20



Table 9 - Stock composition for Northern BC Canadian stock management units of Chinook salmon during the enhanced monitoring period (September 26, 2022 to February
20, 2023) across Region, catch type, and time period strata. Stock proportions are estimated using weighted proportions from CWT and PBT-GSI samples, with CWT stock
proportions applied to fish with CWTs and PBT-GSI proportions applied to the remaining subset of fish without CWTs. Stock composition estimates from strata with less than
5% CWT or PBT-GSI sample rates have not been estimated due to low sample sizes.

Time Chinook % Central
. Region Catch type Catch (# | Canadian Skeena Nass
period R . . Coast
of fish) origin
North FRESH 23
Coast FROZEN 342 23.5% 0.0% 2.1% 0.0%
ac& .JSt FROZEN 7212 36.9% 0.0% 0.0% 0.0%
Sep 26 - Strait
Dec31 | “waitof FRESH 2606 82.2% 0.0% | 00%| 00%
2022 Georgia
WCVI FRESH 178
North FROZEN 193 36.8% 0.0% 0.0% 0.0%
Wcvi FRESH 271
South FROZEN 1941
. _________________________________|
Qc & st FROZEN 4287 60.2% 0.1% 0.1% 0.1%
Strait
Strait of FRESH 247 82.8% 0.0% |  00% | 00%
Jan1-Feb Georgia
20 2023 WCVI
North FRESH 43
Wcvi
South FRESH 332

21



Table 10 — Brood year composition of Canadian-origin Chinook salmon samples based on parentage-based tags (PBTs) collected during the enhanced monitoring period from
September 26, 2022 to February 20, 2023. Regions not shown did not contain any PBT samples. Salmon age may be calculated by subtracting the year a fish was caught from

the brood year.

2018 2019 2020 % 2018 % 2019 % 2020
. . . brood brood brood
Time period Region # PBT brood brood brood
year (# of | year (#of | year (# of car car car
Chinook) Chinook) Chinook) y ¥ y
North Coast 6 2 4 0% 33% 67%
?tf:tm 47 3 44 0% 6% 94%
Sep 26 - Dec 31 | Strait of
P 2022 Gerz'rg:; 85 37 47 1% 44% 55%
WCVI North 3 1 2 0% 33% 67%
TOTAL 141 43 97 1% 30% 69%
-
(Slt(r:asi;:JSt 192 8 184 0% 4% 96%
Jan 1-Feb 20 it of
5023 Z‘;‘:'rtg:’a 29 11 17 3% 38% 59%
TOTAL 221 20 200 1% 17% 82%
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Appendix A - 2022/23 Option A Groundfish Trawl Fleet Enhanced Salmon Monitoring, Bycatch
Reporting & Biological Sampling Program Requirements

Introduction Aug 30, 2022
Program requirements were developed by DFO in consultation with the Groundfish Trawl Salmon
Bycatch Technical Working Group with representatives from the GTAC, and dockside monitoring service
providers. The requirements apply to all salmon bycatch, including steelhead.

A pilot program for the groundfish trawl fleet was conducted on the F/V Pacific Legacy No. 1 between
September 2021 and February 2022. Lessons learned from the pilot have informed sampling procedures

and further development of the monitoring program.

Separate requirements have been developed for Receiving Tank Vessels (RTVs) that freeze product at sea
and vessels that land fresh product.

Vessels Freezing Catch at Sea

Vessel Requirements

For all trips:
1. For each tow,

a. Remove the heads from all salmon bycatch according to sampling instructions. Do not
mix heads from separate tows.
b. Package all heads into bags.
c. Using TOW bag labels in sequence, record the vessel name, packing date and time, and
tow # (if known) using pencil, on a TOW bag label.
d. Putacompleted TOW bag label into each bag of heads and seal with a zip tie.
e. Inthe at-sea observer logbook, record the total estimated retained pieces and weights of
all salmon by species. If species cannot be determined, record as “salmonids (106)”.
2. Freeze salmon heads in tow bags until delivery.
3. Transfer all frozen samples in tow bags to the dockside monitor at the end of the offload.

Sampling kits will be provided by the dockside monitor and will contain:

o Detailed sampling instructions, including salmon head cut requirements

e Bags for samples and zip ties

e TOW bag labels and pencils
Throughout the season, more supplies will be available from the dockside monitor. Please verify
sufficient supply as part of your pre-departure checklist.

AMR Dockside Monitor Procedures

For all landings:
1. Receive all tow bags containing heads from the vessel.
2. Ask the vessel crew if they need a resupply of any items they are running low on.
3. Fill in the Groundfish Salmon Head DMP form using pencil.
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4. Pack all tow bags containing salmon heads into larger trip bags to consolidate the samples. If

the vessel used large bags for tows there is no need to consolidate the tow bags, but each tow

bag will need to be labelled with a TRIP bag label.

Record essential information for the landing on TRIP bag labels using pencil.

Close all trip bags and attach a TRIP bag label to each bag using zip ties.

7. Create a record of each bag of salmon heads in the “tagged fish” form of the Trawler
dockside monitor application noting the hail number and TRIP bag label number.

8. Coordinate cold storage and direct shipment of trip bags to the CWT lab in VVancouver or to
DFO’s Pacific Biological Station in Nanaimo.

oo

Vessels Landing Fresh Product

Vessel Requirements

For all trips:
1. Retain all salmon bycatch.
2. In the at-sea observer logbook, record the total estimated retained pieces and weights of all
salmon by species. If species cannot be determined, record as “salmonids (106)”.
3. All salmon retained must be landed at the conclusion of each trip.

AMR Dockside Monitor Procedures

Dockside Monitors will be responsible for the collection of salmon heads from 25% of the landings.
The dockside monitoring data management system will be used to randomly select vessels and notify
dockside monitors which landings require salmon head sampling.

For all landings:
1. Inthe trawler platform, record the pieces and weights of all salmon by species.

For landings randomly selected for salmon head sampling:
1. Remove the heads from all Chinook and Coho salmon.
2. Package salmon heads into bags.
3. Using TRIP bag labels in sequence, record essential information for the landing on TRIP bag
labels using pencill.
4. Take a digital photo of the first TRIP bag label used and the last TRIP bag label used to
associate the TRIP label series used to the hail number.
Close all trip bags and attach a TRIP bag label to each bag of heads using zip ties.
Fill in the Groundfish Salmon Head DMP form using pencil.
7. Create a record of each bag of salmon heads in the “tagged fish” form of the Trawler
dockside monitor application noting the hail number and TRIP bag label number.
8. Coordinate storage or direct shipment of trip bags to the CWT lab in Vancouver or to DFO’s
Pacific Biological Station in Nanaimo.
9. Send all salmon bodies to offal after heads have been removed.

oo

For landings not selected for salmon head sampling, send all salmon to offal.
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Appendix B - DFO Option A Trawl Salmon Head Sampling Instructions for Vessels Landing Catch
Frozen

( -
l*l Fisheries and Oceans Péches et Océans ;
Canada Canada SALMON

HEAD
RECOVERY
PROGRAM

Option A Trawl RTV Salmon Head Sampling Instructions
(for Receiving Tank Vessels that freeze their product at sea)

According to the scientific licence conditions, all Option A Trawl Receiving Tank Vessels that freeze
their product at sea are required to remove and retain heads from all salmon caught as bycatch prior to
landing. The bags and labels provided with these instructions must be used to store these heads.

1. Remove the heads from all salmon species with a straight cut running square to the lateral line, at
least 1 cm behind the operculum, and include the gills and pectoral fins.

Single cut
straight down,

1 cm behind
operculum

2. Heads must be packed by the tow in which they were caught. Do not mix heads from separate
tows.

3. Use as many bags as needed for storing heads from a given tow. Three sizes of bags are provided
so that you can choose the appropriate sized bag for the quantity of heads being packed — do not
overfill medium and large bags as they may break during handling or transport.

Large Bags 18 x 30 inches | Leave approx. 12 inches (30 cm) of space at top before closing
Medium Bags 14 x 24 inches | Leave approx. 8 inches (20 cm) of space at top before closing
Small Bags 12 x 18 inches | Leave enough space at top to securely zip-tie

4. Every bag must have a completed tow bag label inside. Fill out a tow bag label: record the vessel
name, tow number (if known), and packing date and time on the label. Put the label inside the
tow bag, then close the bag securely with a zip tie.
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SALMON HEAD TOW BAG LABEL

(Instructions on back)

1509001

EVesseI Name: Tow#: Unknown:

- [l
[

EPacking .
1Date &Time: 2 O o AM |:| PM

15 24 NP FM LF LP

&

L

D.

§§PO AN
o

O

Heads in bags must be frozen until delivery to preserve samples.

. Transfer all bags containing heads to the designated Archipelago Marine Research (AMR)
dockside monitor at the end of the offload.

. Let the AMR dockside monitor know if there aren’t enough supplies for your next trip and they
will resupply you.

For further assistance call the DFO Salmon Head Recovery Program at 1-866-483-9994.
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Appendix C - Table and map of Regions for defining catch strata

Table C1 — Correspondence between Regions and PFMAs and groundfish management areas. Regions were used to define
strata for reporting, CWT analysis, and stock composition estimation.

Region

Abbreviation

Pacific Fishery Management
Areas (PFMAs)

Groundfish Management
Areas

West Coast Vancouver Island
South

West Coast Vancouver Island
North

Strait of Georgia

Queen Charlotte & Johnstone
Strait

North Coast

Unassigned

WCVI South

WCVI North

SoG

QC & JSt Strait

NC

UN

20to24,121to 124

25to 27,125 to 127

14t0 19, 28, 29

11,12
3t0 10, 101to 11, 127, 130,

142
Unknown or multiple PFMAs
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3C, portions of 4B and 3D

3D, portions of 5A

Portions of 4B

Portions of 4B and 5A

5B, 5C, 5D, 5E, portions of 5A
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Figure C1 — Map of Groundfish Management Areas and PFMAs. Adapted from https://www.pac.dfo-mpo.gc.ca/fm-gp/maps-

cartes/ground-fond/index-eng.html
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Appendix D - CWT Exploitation Rate Indicator Stocks used in Exploitation Rate Analysis

Figure D1—Geographical locations of historic and current Chinook salmon coded wire tag (CWT) exploitation rate indicator
stocks. See Table D1 for the full stock names associated with each number. The southern B.C. and Puget Sound area, where
concentration of the CWT indicators is greatest, is shown in the expanded view. Adapted from CTC 2023, Page 3
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Table D1—Summary of current and historic (last tagged brood year in brackets) coded wire tag (CWT) exploitation rate
indicator stocks, location, run type, and smolt age. Adapted from CTC 2023, Pages 4-5.

Stock/Area Exploitation Rate Indicator Stock | Hatchery Run Type Z’::It Map Status
No.
Northern Southeast Alaska (NSA) Crystal Lake Spring Age 1 ! Current
(ACI), Macaulay
Southeast (AMC)
Alaska Herring Cove Current
(AHC), Little
Southern Southeast Alaska (SSA) Port Walter Spring Age 1 2
(ALP), Deer
Mountain
(ADM), Neets
Bay
(ANB)
Chickamin (CHM) wild Spring Age 1 3 S
(2005)
Chilkat (CHK) wild Spring Age 1 4 Current
Unuk (UNU) wild Spring Age 1 5 Current
Transboundary | Taku (TAK) wild Spring Age 1 6 Current
Rivers Stikine (STI) wild Spring Age l 7 Current
North/Central Kitsumkalum (KLM) Deep Creek Summer Age 1 8 Current
B.C. Atnarko (ATN) Snootli Summer Age 0 9 Current
WCVI Robertson Creek (RBT) Robertson Fall Age 0 10 Current
Creek
Quinsam (QUI) Quinsam Fall Age 0 11 Current
Phillips (PHI) Gillard Pass Summer/Fall Age 0 12 Current
Strait of Puntledge (PPS) Puntledge Summer Age 0 13 Current
Georgia Big Qualicum (BQR) Big Qualicum Fall Age 0 14 Current
Nanaimo (NAN) Nanaimo Fall Age 0 15 S
(2004)
Cowichan (COW)1 Cowichan Fall Age 0 16 Current
Harrison (HAR) Chehalis Fall Age 0 17 Current
Chilliwack (CHI)1 Chilliwack Fall Age 0 18 Current
Chilko (CKO) Spius Creek, Summer pge1 | B In
Chehalis developme
) nt
Fraser River Nicola (NIC) Spius Creek Spring Age 1 20 Current
Lower Shuswap (SHU)1 Shuswap Falls Summer Age 0 21 Current
Middle Shuswap (MSH) Shuswap Falls Summer Age 0 22 Current
. 23 Historical
Dome (DOM) Penny Creek Spring Age 1 (2002)
Nooksack Spring Fingerling (NSF) | Kendall Creek Spring Age 0 Current
Nooksack Spring Yearling (NKS) Kendall Creek Spring Age 1 24 stlt;;;al
Samish Fall Fingerling (SAM)2 Samish Summer/Fall Age 0 25 Current
SN;::]ZPUgEt Skagit Summer Fingerling (SSF) Marblemount Summer Age 0 26 Current
Skagit Spring Fingerling (SKF) Marblemount Spring Age 0 Current
Skagit Spring Yearling (SKS)2 Marblemount Spring Age 1 27 H;sztglrgc)al
Central Puget Stillaguamish Fall Fingerling Stillaguamish Summer/Fall Age 0 28 Current

Sound

(STL)3

Tribal
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Smolt

Stock/Area Exploitation Rate Indicator Stock | Hatchery Run Type N Map Status
ge No.
Skykomish Summer Fingerling Wallace Summer;/Fall Age 0 29 Current
(SKY)2,3
Nisqually Fall Fingerling (NIS)2 Clear Creek Summer/Fall Age 0 30 Current
South Puget Sound Fall Fingerling | Soos/Grovers/Is Summer;/Fall Age 0 31 Current
(SPS)2 saquah
South Puget creeks > Fr—
Sound South Puget Sound Fall Yearling Tumwater Falls Summer/Fall Age 1 Istorica
(2013)
(SPY)
Squaxin Net Pens Fall (SQP) Squaxin Net Pen 3 Al )
(1997)
University of Washington University of 34 Historical
Accelerated (UWA) Washington (1988)
White River Spring Yearling White River Spring Agel 3 H;sztglrlsc)al
(WRY)a
Hood Canal George Adams Fall Fingerling George Adams Summer/Fall Age 0 36 Current
(GAD)2
Juan de Fuca Elwha Fall Fingerling (ELW) Lower Elwha Summer/Fall Age 0 37 Current
Hoko Fall Fingerling (HOK) HOk.O Makah Fall Age 0 38 Current
National
North Hatcher
Washington Wild.s :/ 39 c :
Coast Queets Fall Fingerling (QUE) ,I , >a1mon Fall Age 0 urren
River (WA)
Tsoo-Yess Fall Fingerling (SO0)s l;:l:hkah National Fall Age 0 40 Current
Hatchery
Columbia Lower River Hatchery Big Creek Fall Tule Age 0 41 Current
(LRH)2
Cowlitz Tule (WA) (CWF) Cowlitz Fall Tule Age 0 42 Current
EO‘I’V”U " Lewis River Wild (LRW) Wild Fall Bright AgeO | 43 Current
olumbIa RIVET ™ \Villamette Spring (WSH)1 Willamette Spring Agel | 44 Current
Hatcheries
Spring Creek Tule (WA) (SPR)2 Sprllng Creek Fall Tule Age 0 45 Current
National
Hatchery
Hanford Wild (HAN) wild Fall Bright Age 0 46 Current
Upper Similkameen Summer Yearling similkameen Summer Age l 47 Current
Columbia River | (SMK) and
Omak Pond
Columbia Summers (WA) (SUM) Wells Summer 'g?f 48 Current
Columbia Upriver Brights (URB)2 Priest Rapids Fall Bright Age 0 49 Current
Snake River Lyons Ferry Flnge.rlmg (LYF)s Lyons Ferry Fall Br!ght Age 0 50 Current
Lyons Ferry Yearling (LYY)2 Lyons Ferry Fall Bright Age 1 Current
North Oregon Salmon (SRH) Salmon Fall Age 0 51 Current
Coast
L\:/Iolgs(t)regon Elk River (ELK) Elk River Fall Age 0 >2 Current
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Appendix E - SMU-CU-Reporting Units Tables

Table E1 — PBT-GSI reporting units and corresponding CU and SMU assignments used for stock composition estimates in this
report.

Reporting CU# Conservation Unit (CU) name Stock Management Unit
Unit (SMU)
DOCEE 36 Docee Central Coast
RI 37 Rivers Inlet Central Coast
WANN 38 Wannock Central Coast
BCR-BENT 39 Bella Coola-Bentinck Central Coast
DEAN 40 Dean River Central Coast
NCC-lake 41 North and Central Coast-late timing Central Coast
NCC-stream 42 North and Central Coast-early timing Central Coast
BB Boundary Bay_FA_0.3 Fall 41 Boundary Bay
LFR-fall Lower Fraser River_FA_0.3 Fraser Fall 41
STh-BESS 16 South Thompson-Bessette Creek_SU_1.2 Fraser Spring 42
LTh 17 Lower Thompson_SP_1.2 Fraser Spring 42
MFR-spring 10 Middle Fraser River_SP_1.3 Fraser Spring 52
UFR-spring 12 Upper Fraser River_SP_1.3 Fraser Spring 52
NTh-spr 18 North Thompson_SP_1.3 Fraser Spring 52
LFR-spring 4 Lower Fraser River_SP_1.3 Fraser Spring 52
LFR-UPITT Lower Fraser River-Upper Pitt_SU_1.3 Fraser Spring 52
FRCanyon 8 Middle Fraser-Fraser Canyon_SP_1.3 Fraser Spring 52
STh-0.3 13 South Thompson_SU_0.3 Fraser Summer 41
STh-SHUR 15 Shuswap River_SU_0.3 Fraser Summer 41
Maria 7 Maria Slough_SU_0.3 Fraser Summer 41
MFR-summer 11 Middle Fraser River_SU_1.3 Fraser Summer 52
STh-1.3 14 South Thompson_SU_1.3 Fraser Summer 52
NTh-sum 19 North Thompson_SU_1.3 Fraser Summer 52
LFR-summer 6 Lower Fraser River_SU_1.3 Fraser Summer 52
Portage 9 Middle Fraser River-Portage_FA_1.3 Fraser Summer 52
LFR-suppl 9006 Fraser-Cross-CU Supplementation Exclusion<<Bin>> Fraser-Cross
HGN 43 Haida Gwaii-North Haida Gwaii
CWCH-KOK 22 East Vancouver Island-Cowichan and Lower Georgia Strait
Koksilah_FA_0.x
EVI-fall 25 East Vancouver Island-Nanaimo and Lower Georgia Strait
Chemainus_FA_0.x
SMn-SFj 28 Southern Mainland-Southern Fjords_FA_0.x Mainland Inlet
HOMATH 34 Homathko_SU_x.x Mainland Inlet
KLINA 35 Klinaklini_SU_1.3 Mainland Inlet
SMn-GStr 20 Southern Mainland-Georgia Strait_FA_0.x Middle Georgia Strait
QP-fall 27 East Vancouver Island-Qualicum and Middle Georgia Strait

Puntledge_FA_0.x
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Reporting CU# Conservation Unit (CU) name Stock Management Unit
Unit (SMU)

EVIGStr-sum 83 East Vancouver Island-Georgia Strait_SU_0.3 Middle Georgia Strait
LNR-P 57 Portland Sound-Observatory Inlet-Lower Nass Nass

UNR 58 Upper Nass Nass

SKEst 45 Skeena Estuary Skeena

ECST 46 Ecstall Skeena

LSK 48 Lower Skeena Skeena

KALUM-E 49 Kalum_early timing Skeena

KALUM-L 50 Kalum_late timing Skeena

MSK-LGLKS 53 Middle Skeena-large lakes Skeena

MSK-M_S 54 Middle Skeena-mainstem tributaries Skeena
MSK-UprBulk 55 Upper Bulkley River Skeena

USK 56 Upper Skeena Skeena

ZYM 80 Zymoetz Skeena

SIC 81 Sicintine Skeena

NEVI 29 East Vancouver Island-North_FA_0.x Upper Georgia Strait
SWviI 31 West Vancouver Island-South_FA_0.x WCVI

NoKy 32 West Vancouver Island-Nootka and Kyuquot_FA_0.x  WCVI

NWVI 33 West Vancouver Island-North_FA_0.x WCVI
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Table E2 — CWT exploitation rate indicator stock codes and corresponding Chinook salmon CUs and SMUs used for stock
composition estimates. Canadian CWTs that did not belong to an indicator stock are not included in this table, but were
matched to CU and SMU through a table provided by the Enhancement Planning and Assessment Database (EPAD). EPAD is
maintained by the Salmonid Enhancement Program and is DFO’s centralized repository for enhancement data in the Pacific

Region.

Stock code Stock name Conservation Unit (CU) LS Ma(:a“iﬂ;‘ent St
SHU Lower Shuswap Shuswap River_SU_0.3 Fraser Summer 41
MSH Middle Shuswap Shuswap River_SU_0.3 Fraser Summer 41
HAR Harrison River Lower Fraser River_FA_0.3 Fraser Fall 41
RBT Robertson Creek West Vancouver Island-South_FA_0.x WCVI
KLM Kitsumkalum Kalum_late timing Skeena
PHI Phillips River Fall Southern Mainland-Southern Fjords_FA_0.x Mainland Inlet
ATN Atnarko Bella Coola-Bentinck Central Coast
BQR Big Qualicum River iisnttl\(/;r;cité\;i)l.sxland-QuaIicum and Middle Georgia Strait
KLY Kitsumkalum Kalum_late timing Skeena
Qul Quinsam River East Vancouver Island-North_FA_0.x Upper Georgia Strait
PPS Puntledge River East Vancouver Island-Georgia Strait_SU_0.3 Middle Georgia Strait
NIC Nicola River Lower Thompson_SP_1.2 Fraser Spring 42
cow Cowichan River Eziii\ll::jc:)::/g'rxlsland-Cowichan and Lower Georgia Strait
CHI Chilliwack River Fraser-Harrison Fall Transplant_FA_0.3 Fraser Fall 41
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Appendix F - Salmon catch by Pacific Fishery Management Area for 2022

Table F1 — Estimated annual salmon catch (pieces retained and released) by Pacific Fishery Management Area (PFMA) in the
groundfish trawl fishery during the 2022 calendar year. *Catches are confidential when fewer than 3 distinct vessels fished in
an area over the time period.

PFMA All salmon Chinook Coho Chum Pink Sockeye Un;:rr:::ed

0 4,235 4,191 2 34 0 0 5
3*

7 228 216 7 1 1 0 3
11 3,819 3,350 0 455 0 13 1
12 2,340 2,291 0 57 0 12 0
14 2,854 2,816 0 38 0 0 0
15 38 38 0 0 0 0 0
17*

18 123 123 0 0 0 0
20 206 145 32 29 0 0 0
21%*

29 49 49 0 0 0 0 0
101 183 173 0 7 2 0 1
104 32 31 1 0 0 0 0
105 1 1 0 0 0 0 0
107 10 1 6 1 0 0 2
108 24 15 4 4 1 0 0
109 12 3 3 2 0 0
110 5 2 0 3 0 0 0
111 17 11 2 4 0 0 0
121 4,911 4,337 374 99 9 13 79
123 3,175 3,004 138 33 0 0 18
124 902 860 17 22 1 0 2
125 526 457 4 64 0 1 11
126 54 42 0 12 0 0 0
127 548 306 23 234 0 0 0
130 2 2 0 0 0 0 0
142 3 0 0 0 0 3 0

Total 24,457 22,624 613 1,101 16 42 122
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