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From: Sara Martinez 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Support for ACR 10 
Date: Tuesday, October 5, 2021 8:31:07 PM 
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From: Taylor Markham 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Support for ACR 10 
Date: Tuesday, October 5, 2021 8:29:26 PM 

Taylor Markham 
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From: Thomas Hindman 
To: DFG, BOF Comments (DFG sponsored) 
Subject: ACR 10 
Date: Wednesday, October 6, 2021 11:19:17 AM 

l would like to show my support for ACR 10. As a long time set netter in Cook Inlet, i believe
that the adoption of ACR 10 would help in the reductio of over escapement of Sockeye salmon
during King return years.
Thanks
Thomas Hindman
Cook Inlet set netter
Central District, East Forlands
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From: Travis Every 
To: DFG, BOF Comments (DFG sponsored) 
Subject: ACR 10 
Date: Wednesday, October 6, 2021 9:08:57 AM 
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From: Zachary Markham 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Support for ACR 10 
Date: Tuesday, October 5, 2021 3:03:14 PM 
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From: Mark Ducker 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Comment and Information regarding ACR 11 and ACR 14 
Date: Wednesday, October 6, 2021 11:51:34 PM 
Attachments: ADFG response to Kintama report.pdf 
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Oversimplification of complex harvest modeling
issues outlined in Welch et al. (2014)
T Mark Willette1*, Pat Shields1 and Eric C Volk2

Abstract

In their paper, ‘Migration behavior of maturing sockeye (Oncorhynchus nerka) and Chinook salmon (O. tshawytscha)
in Cook Inlet, Alaska, and implications for management,’ Welch et al. (Anim. Biotelem. 2:18, 2014) report data on
migratory behavior and relative swimming depths of Chinook and sockeye salmon near the Eastside Setnet (ESSN)
fishery, Cook Inlet, Alaska, using acoustically tagged fish and an anchored array of acoustic receivers. Using this
information, they provide a model to estimate changes in Chinook and sockeye salmon harvests associated with
potential regulatory changes affecting surface gillnet depths in this fishery. We are concerned that the modeling
exercise paints an unrealistic picture of how simply changing gillnet dimensions would translate into a viable
management approach to preserve or increase sockeye salmon harvests while minimizing catch of Chinook salmon.
Much of this fishery occurs in very shallow water, and Cook Inlet tides range about 10 m with tidal current speeds
reaching about 9 km hr−1. Model assumptions that gillnets in this dynamic environment were hanging vertically
and that gillnets did not reach the bottom are not valid. Gillnets in this fishery billow in strong currents causing the
lead lines at the bottom of the nets to rise in the water column, and an unknown but high fraction of all gillnets
reach the bottom for some portion of each tide cycle. We believe further information and a more sophisticated
analysis is needed to realistically model changes in Chinook and sockeye salmon harvests in relation to gillnet
depths, and we are concerned about unintended consequences that may arise from unrealistic solutions based on
limited data proposed in the regulatory arena.

Keywords: Chinook salmon, Oncorhynchus tshawytscha, Sockeye salmon, Oncorhynchus nerka, Acoustic telemetry,
Migratory behavior, Swimming depth, Gillnet fishery, Harvest modeling, Fishery management

Background
In their paper, ‘Migration behavior of maturing sockeye
(Oncorhynchus nerka) and Chinook salmon (O. tsha-
wytscha) in Cook Inlet, Alaska, and implications for man-
agement,’ Welch et al. [1] provide interesting insights on
migratory behavior and relative swimming depths of Chi-
nook and sockeye salmon near the Eastside Setnet (ESSN)
fishery, Cook Inlet, Alaska, using acoustically tagged fish
and an anchored array of acoustic receivers. Based on data
from 11 Chinook and 25 sockeye salmon, a central finding
of their paper is that Chinook were deeper swimmers than
sockeye salmon in the study area, with median migration
depths of 4.8 and 1.8 m, respectively. Conceptually, these
differences in water column distributions offer a means to

* Correspondence: mark.willette@alaska.gov
1Alaska Department of Fish and Game, 43961 Kalifornsky Beach Rd. Suite B,
Soldotna, Alaska 99669, USA
Full list of author information is available at the end of the article

selectively avoid the deeper migrating species in set gillnet
fisheries by using shallower nets. The authors provide a
modeling exercise ([1], Figure nine) which uses this data
to predict how changes in gillnet dimensions could pre-
serve desired harvest of migrating sockeye salmon while
avoiding deeper swimming Chinook salmon, a species of
particular concern returning to the Kenai River. Unfor-
tunately, limited data from very few fish and a number of
caveats, some noted by the authors, make their approach
unrealistically simple and potentially misleading in the
highly contentious regulatory environment of Cook Inlet
fisheries.

Main text
The ESSN fishery is conducted in a 90-km section along
the eastern shore of Cook Inlet extending from the
beach to approximately 2.4 km offshore [2]. The bottom
slope is very shallow with extensive mud flats at low

© 2015 Willette et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.
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tide. South of the Kenai River, water depths at mean
lower low water (MLLW) average about 10 m along the
offshore boundary of the fishery (http://www.ngdc.noaa.
gov). North of the Kenai River, in the Salamatof statis-
tical area, where many Chinook salmon are caught,
water depths near the offshore boundary at MLLW aver-
age about 15 m. Nets are often fishing in much shal-
lower water towards shore. Spring tides in Cook Inlet
range about 10 m and tidal current speeds can reach
about 9 km hr−1 [3,4]. The tide stage at one end of the
district is out of phase with the tide stage at the opposite
end of the district by about 60° (http://tidesandcurrents.
noaa.gov). The marine array of acoustic receivers used
by Welch et al. [1] consisted of 16 acoustic receivers lo-
cated along the offshore boundary of the ESSN fishery
(approximately 2.4 km from shore) and 54 acoustic re-
ceivers located along transects extending 15 km offshore
of the seaward boundary of the ESSN fishery. Thus,
migration depth data were generally collected in water
much deeper than where the fishery actually occurs.
A fundamental assumption used by Welch et al. in

calculating the potential harvests of Chinook and sock-
eye salmon based on swimming depth data is that gill-
nets hang straight down, with a standard 45 mesh net
covering about 5.5 m in depth. While we understand
that this assumption was adopted for simplicity, the ac-
tual fishing depths of nets in this fishery are undoubtedly
far more dynamic. In reality, gillnets in this fishery bil-
low like a sail in strong currents causing the lead lines at
the bottom of the nets to rise in the water column. The
authors acknowledge that deep nets may rise off the bot-
tom more than shallow nets due to their greater surface
area and, thus, resistance in the strong current, poten-
tially reducing some of the assumed difference in net
depths. But, there are other variables that can affect the
effective fishing depth of gillnets including current
speed, which changes during the tide cycle; the weight of
the lead line; and the number of fish caught in the net at
any given time, which increases drag but also adds
weight to the net. Effective fishing depth of individual
gillnets changes through a tide cycle, and because tides
are out of phase in different parts of the fishing district,
effective fishing depths of nets at various locations in the
district can be very different at any given time. It is likely
that actual harvests of either species would differ sub-
stantially from those predicted under the simple scenario
advanced in this study.
A second concern is the implicit assumption in the au-

thors’ analysis that gillnets would not rest on the sea
bottom, allowing fish to swim below the nets. They
point out that sport fishers frequently troll for Chinook
salmon in very shallow water in this area. Since water
depth in much of the ESSN fishery is very shallow, par-
ticularly south of the Kenai River, it is clear that a high

fraction of all gillnets reach the bottom for some portion
of each tide cycle during the fishery. Fishermen may also
move their nets through the tide cycle depending upon
conditions. Without a better understanding of net loca-
tions with respect to the sea floor through a tide cycle, it
is very difficult to predict actual harvest changes with
altered net depth. In addition, differences in depth distri-
butions of Chinook and sockeye salmon in deep water
will not be maintained in shallow water where the bot-
tom forces their distributions to overlap, and shallower
nets will not affect harvests of Chinook relative to sockeye
salmon when nets reach the sea floor.
In an earlier study focused on how to minimize har-

vests of Chinook salmon in the ESSN fishery, Bethe and
Hansen [5] found that the highest average harvest rate
of Chinook salmon (0.41 per net set) occurred in set
nets located at intermediate distances from shore where
gillnets were likely reaching the bottom at low tide. The
average harvest rate of Chinook salmon further inshore
(0.23 per net set) and offshore (0.15 per net set) was
lower. Bethe and Hansen’s [5] data are consistent with
the notion that Chinook salmon are most often captured
as they migrate inshore and first encounter gillnets that
reach the bottom. Reducing the depth of gillnets may
simply shift the harvest closer to the beach where nets
again reach the bottom. Importantly, this study [5] also
found that the vertical distribution of Chinook salmon
catches in gill nets was essentially uniform at all distances
from shore.
Finally, size distributions of acoustically tracked Chinook

salmon and those captured in the ESSN fishery were very
different. The smallest acoustically tracked Chinook salmon
was about 85 cm in length [6], whereas 82% of Chinook
salmon captured in the ESSN fishery were <85 cm (mode
50 cm) in length [7]. Welch et al. [6] found that Chinook
salmon mean swimming depths were not correlated with
length, but this may have been due to the limited sample
size and data range. Folkedal et al. [8] found that smaller
Atlantic salmon swam at shallower depths in commercial
sea cages.

Conclusions
In our view, analyses in Welch et al. [1] oversimplify
problems associated with estimating changes in Chinook
and sockeye salmon harvests that may occur with chan-
ging gillnet depths, and actual harvest changes would
likely differ substantially. We do not take issue with the
central findings of the study which document migratory
behavior of these species within the study area where
the acoustic array was located. Unfortunately, despite
best efforts, this study tagged very few Chinook salmon
and not all of those were Kenai River origin fish. We do not
know how well these fish represent Kenai River Chinook
salmon behavior in general or how their migration depths
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may change as they leave the study area for the river and
shallower water. Combined with the complexities of net
and fishermen behavior as the fishery is prosecuted, pre-
dicting actual harvest impacts to Chinook and sockeye
salmon from simple changes in net dimensions is very dif-
ficult and uncertain. We are concerned that this harvest
modeling exercise paints an unrealistic picture of how
simply changing gillnet dimensions would translate into a
viable management approach to preserve or increase sock-
eye salmon harvests while minimizing Chinook salmon
harvests.
The complexity of the problem may require simulating

gillnet behavior in tidal currents and the migratory be-
havior of Chinook and sockeye salmon in the ESSN fish-
ery. Modeling gillnet behavior will require information
on locations of all gillnets and bottom depth at each net
location. The effective fishing depths of gillnets should
also be determined over a range of current speeds with
nets that are hung with various amounts of web and lead
line. Use of time-depth recorders on various parts of the
net could be used to refine our understanding of net
behavior. These data could be used in conjunction with
a tide model to simulate the behavior of gillnets during
the course of a fishing season. Simulating Chinook and
sockeye salmon migratory behavior will require informa-
tion on swimming depths of Chinook and sockeye sal-
mon in shallower waters and a thorough understanding
of how these fish migrate within the fishery. Developing
the level of understanding of these processes necessary
to accurately estimate harvest changes will be very costly
and challenging. We are committed to providing the best
information possible to the Alaska Board of Fisheries as
they deliberate regulatory changes. However, we are also
acutely aware of unintended consequences that may arise
from unrealistic solutions based on limited data proposed
in the regulatory arena.
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ESSN: Eastside Setnet; MLLW: Mean lower low water.
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From: Mark Ducker 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Fwd: Info request 
Date: Wednesday, October 6, 2021 11:52:20 PM 
Attachments: image001.png

Marston, Brian H (DFG)

Brian Marston 

Fishery Biologist 

UCI Commercial Fisheries 

Alaska Department of Fish and Game 

9074207740 cell 

9072629368 office 

From:
Sent:
To:
Subject:
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UCI Commercial Fisheries 
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9074207740 cell 

9072629368 office 

From:
Sent:
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From: Mark Ducker 
To: DFG, BOF Comments (DFG sponsored) 
Subject: Fwd: Data request follow-up 
Date: Thursday, October 7, 2021 12:01:41 AM 
Attachments: 2021 announcements in recordings of ESSN king harvest2.docx 

Copy of Copy of Beaudoin_request_CPUE-bhm3.xlsx 

Marston, Brian H (DFG)
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Brian Marston 

Fishery Biologist 

UCI Commercial Fisheries 

Alaska Department of Fish and Game 

9074207740 cell 

9072629368 office 
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All data that went into these recordings was preliminary and the recordings reflect the 
best estimates of large Kenai River king harvest available at that time. Final analysis 
of the genetic samples may change these estimates to some degree. 

Changes to the daily tally of total kings harvested may have changed the 
announcements (see the 7/14 and 7/15 announcements). Each announcement was 
repeated until the tally changed with each proceeding commercial opening. 

Calculations and recorded announcements 
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This above announcement was repeated until 8/2 in the morning and 
all announcements of king harvests were discontinued after that time. 



Sockeye Shaded cells are preliminary data from inseason assessment
Species Code 420

Sum of Number Of Animals harvested Stat Area
Stat Area Hours Hours Hours Hours Hours Hours Hours CPUE sockeye per hour gear allowed area open Abreviations

Stat area 24421 24422 24425 24431 24432 24441 24442 All ESSN 24421 24422 24425 24431 24432 24441 24442 24421 24422 24425 24431 24432 24441 24442
2017 2017 2017 2017 2017 2017 2017 2017 Kas = Kasilof section
06/24 7,437          2,572          3,040          13,049             13 13 13 572.0769 197.8462 233.8462 all Kas Full KKE - Kenai, Kasilof, and East Foreland sections
06/26 9,964          5,799          5,290          21,053             14 14 14 711.7143 414.2143 377.8571 all Kas Full KRSHA = Kasilof special harvtes area
06/28 3,250          2,097          2,533          7,880               9 9 9 361.1111 233 281.4444 all Kas Full NKB = North K Beach stat area
06/29 5,250          2,053          1,738          9,041               12 12 12 437.5 171.0833 144.8333 all Kas Full EF = East Forelands section
07/01 9,930          3,829          7,282          21,041             17 17 17 584.1176 225.2353 428.3529 all Kas Full
07/03 12,152       7,121          6,567          25,840             14 14 14 868 508.6429 469.0714 all Kas Full
07/05 10,434       2,760          2,929          16,123             9 9 9 1159.333 306.6667 325.4444 all Kas Full
07/06 13,637       4,840          2,865          21,342             12 12 12 1136.417 403.3333 238.75 all Kas Full
07/08 17,396       10,250       6,184          33,830             17 17 17 1023.294 602.9412 363.7647 all Kas Full
07/10 22,021       8,395          3,150          3,139          6,165          1,700          44,570             12 12 12 12 12 12 1835.083 699.5833 262.5 261.5833 513.75 141.6667 all KKE Full
07/12 23,649       8,321          2,973          2,432          4,172          949             42,496             16 16 16 16 16 16 1478.063 520.0625 185.8125 152 260.75 59.3125 all KKE Full
07/13 20,070       8,658          2,393          2,679          3,991          987             38,778             15 15 15 15 15 15 1338 577.2 159.5333 178.6 266.0667 65.8 all KKE Full
07/15 24,599       14,298       4,406          4,397          6,947          1,314          55,961             15 15 15 15 15 15 1639.933 953.2 293.7333 293.1333 463.1333 87.6 all KKE Full
07/17 36,513       16,824       14,643       15,689       39,023       5,944          128,636          12 12 12 12 12 12 3042.75 1402 1220.25 1307.417 3251.917 495.3333 all KKE Full
07/20 20,662       12,589       8,897          9,590          30,803       5,911          88,452             12 12 12 12 12 12 1721.833 1049.083 741.4167 799.1667 2566.917 492.5833 all KKE Full
07/29 17,731       13,408       5,018          5,052          24,324       3,599          69,132             14 14 14 14 14 14 1266.5 957.7143 358.4286 360.8571 1737.429 257.0714 all KKE Full
07/31 9,100          4,977          4,188          5,721          16,151       3,169          43,306             12 12 12 12 12 12 758.3333 414.75 349 476.75 1345.917 264.0833 all KKE Full
08/03 16,383       8,255          5,731          5,429          8,040          3,756          47,594             12 12 12 12 12 12 1365.25 687.9167 477.5833 452.4167 670 313 all KKE Full
08/07 5,943          5,884          3,291          4,117          13,813       4,772          37,820             12 12 12 12 12 12 495.25 490.3333 274.25 343.0833 1151.083 397.6667 all KKE Full
08/09 4,118          3,713          2,303          2,365          3,099          1,178          16,776             15 15 15 15 15 15 274.5333 247.5333 153.5333 157.6667 206.6 78.53333 all KKE Full
08/10 6,369          6,499          3,253          4,270          5,148          1,792          27,331             12 12 12 12 12 12 530.75 541.5833 271.0833 355.8333 429 149.3333 all KKE Full
08/14 2,563          2,981          1,223          2,463          6,300          1,728          17,258             16 16 16 16 16 16 160.1875 186.3125 76.4375 153.9375 393.75 108 all Kas .5 mile (4), KKE Full (12)
08/15 1,852          1,562          1,497          4,911               13 13 13 142.4615 120.1538 115.1538 all Kas .5 mile
2018 2018 2018 2018 2018 2018 2018 2018
06/25 7,341          2,657          1,568          11,566             12 12 12 611.75 221.4167 130.6667 all Kas Full
06/28 7,283          3,035          1,464          11,782             12 12 12 606.9167 252.9167 122 all Kas Full
06/30 5,695          3,375          3,121          12,191             14 14 14 406.7857 241.0714 222.9286 all Kas Full
07/04 9,652          5,663          4,655          19,970             16 16 16 603.25 353.9375 290.9375 all Kas Full
07/07 4,391          1,988          2,532          8,911               8 8 8 548.875 248.5 316.5 all Kas Full
07/09 5,675          2,521          1,819          1,184          2,582          1,056          14,837             12 12 12 12 12 12 472.9167 210.0833 151.5833 98.66667 215.1667 88 all KKE Full
07/12 10,726       14,737       7,954          6,277          19,376       4,958          64,028             12 12 12 12 12 12 893.8333 1228.083 662.8333 523.0833 1614.667 413.1667 all KKE Full
07/14 4,504          5,535          2,904          12,943             12 12 12 375.3333 461.25 242 all Kas .5 mile
07/16 1,939          1,939               12 161.5833 all EF full
07/18 2,654          5,380          4,394          12,428             7 7 7 379.1429 768.5714 627.7143 all Kas 600 ft
07/19 6,905          17,663       8,504          6,885          39,957             12 12 12 12 575.4167 1471.917 708.6667 573.75 all Kas .5 mile, NKB 600
07/21 7,585          4,711          3,037          2,172          17,505             12 12 12 12 632.0833 392.5833 253.0833 181 all Kas .5 mile, NKB 600
07/22 3,490          1,636          2,588          7,714               14 14 14 249.2857 116.8571 184.8571 #DIV/0! all Kas 600 ft
07/23 5,469          2,367          2,240          2,595          15,018       3,713          31,402             12 12 12 12 12 12 455.75 197.25 186.6667 216.25 1251.5 309.4167 all KKE Full
07/26 2,408          2,153          2,083          6,644               12 12 12 200.6667 179.4167 173.5833 all Kas 600 ft
07/28 1,718          1,405          1,491          4,614               8 8 8 214.75 175.625 186.375 all Kas 600 ft
08/08 1,377       1,377               12 114.75 all KRSHA 
08/09 3,855       3,855               24 160.625 all KRSHA 
08/10 2,642       2,642               24 110.0833 all KRSHA 
08/11 1,965       1,965               24 81.875 all KRSHA 
08/12 1,571       1,571               8 196.375 all KRSHA 
2019 2019 2019 2019 2019 2019 2019 2019
06/27 6,811          3,260          1,896          11,967             12 12 12 567.5833 271.6667 158 all Kas Full
06/29 6,720          3,459          2,012          12,191             8 8 8 840 432.375 251.5 all Kas Full
07/01 8,904          5,382          3,576          17,862             12 12 12 742 448.5 298 all Kas Full
07/04 5,519          5,176          4,216          14,911             14 14 14 394.2143 369.7143 301.1429 (i) Kas Full
07/08 10,107       8,718          5,867          4,128          4,114          2,352          35,286             16 16 16 16 16 16 631.6875 544.875 366.6875 258 257.125 147 (i) except EF KKE Full
07/11 7,714          6,212          4,668          6,539          14,373       6,334          45,840             15 15 15 15 15 15 514.2667 414.1333 311.2 435.9333 958.2 422.2667 (i) except EF KKE Full
07/13 5,227          4,507          4,112          3,227          17,073             12 12 12 12 435.5833 375.5833 342.6667 268.9167 (i) Kas .5 mile, NKB 600
07/15 5,383          6,571          4,708          7,329          12,254       5,043          41,288             14 14 14 14 14 14 384.5 469.3571 336.2857 523.5 875.2857 360.2143 (i) KKE Full
07/18 5,481          8,011          5,563          8,938          19,751       7,758          55,502             15 15 15 15 15 15 365.4 534.0667 370.8667 595.8667 1316.733 517.2 (i) KKE Full
07/21 6,349          5,656          5,524          8,076          25,605             14 14 14 14 453.5 404 394.5714 576.8571 (i) Kas .5 mile, NKB 600
07/22 4,214          4,055          2,418          7,266          34,390       12,084       64,427             15 15 15 15 15 15 280.9333 270.3333 161.2 484.4 2292.667 805.6 (i) KKE Full
07/25 8,532          8,928          8,699          13,125       47,460       16,731       103,475          17 17 17 17 17 17 501.8824 525.1765 511.7059 772.0588 2791.765 984.1765 (i) KKE Full
07/28 17,734       17,378       9,289          14,133       22,625       9,872          91,031             16 16 16 16 16 16 1108.375 1086.125 580.5625 883.3125 1414.063 617 all KKE Full
07/29 13,064       8,774          5,280          12,666       20,067       8,433          68,284             16 16 16 16 16 16 816.5 548.375 330 791.625 1254.188 527.0625 all KKE Full
07/31 14,234       9,608          5,064          8,746          36,729       18,308       92,689             16 16 16 16 16 16 889.625 600.5 316.5 546.625 2295.563 1144.25 all KKE Full
08/01 7,165          7,136          2,554          5,551          14,923       13,050       50,379             16 16 16 16 16 16 447.8125 446 159.625 346.9375 932.6875 815.625 all KKE Full
08/02 2,099          1,052          653             1,331          5,135               12 12 12 12 174.9167 87.66667 54.41667 110.9167 all Kas 600 Ken 600
08/03 5,747          3,297          1,381          2,163          11,339       7,671          31,598             11 11 11 11 11 11 522.4545 299.7273 125.5455 196.6364 1030.818 697.3636 all KKE Full
2020 2020 2020 2020 2020 2020 2020 2020
06/23 4,769          3,614          5,257          13,640             15 15 15 317.9333 240.9333 350.4667 (ii) Kas Full
06/25 6,365          4,528          1,816          12,709             12 12 12 530.4167 377.3333 151.3333 (ii) Kas Full
06/27 5,193          3,740          2,282          11,215             9 9 9 577 415.5556 253.5556 (ii) Kas Full
06/30 4,231          3,821          8,288          16,340             12 12 12 352.5833 318.4167 690.6667 (ii) Kas Full
07/02 8,263          3,967          2,823          1,897          16,950             15 15 15 15 550.8667 264.4667 188.2 126.4667 (i) Kas, NKB 4.75 NKB Kas full
07/04 5,916          3,977          2,280          684             12,857             9 9 9 9 657.3333 441.8889 253.3333 76 (i) Kas, NKB 4.76 NKB Kas full
07/06 8,747          9,939          6,506          2,260          27,452             13 13 13 13 672.8462 764.5385 500.4615 173.8462 (i) Kas, NKB 4.77 NKB Kas full
07/07 3,154          2,416          1,291          1,796          8,657               13 13 13 13 242.6154 185.8462 99.30769 138.1538 Kas all, NKB 4.75 Kas 600, NKB 600
07/08 6,070          2,615          1,144          629             10,458             8 8 8 8 758.75 326.875 143 78.625 Kas (ii), NKB 4.75 Kas 600, NKB 600
07/09 6,145          4,040          1,406          1,479          2,587          889             16,546             15 15 15 15 15 15 409.6667 269.3333 93.73333 98.6 172.4667 59.26667 KKE (ii) KKE all
07/13 6,966          4,145          3,781          3,032          9,918          3,833          31,675             12 12 12 12 12 12 580.5 345.4167 315.0833 252.6667 826.5 319.4167 KKE (ii) KKE all
07/15 4,256          3,159          4,201          3,420          7,260          1,577          23,873             12 12 12 12 12 12 354.6667 263.25 350.0833 285 605 131.4167 KKE (ii) KKE all
07/16 2,583          992             940             2,275          6,790               12 12 12 12 215.25 82.66667 78.33333 189.5833 all Kas 600, NKB 600
07/20 5,644          2,962          2,994          2,947          24,066       6,840          45,453             12 12 12 12 12 12 470.3333 246.8333 249.5 245.5833 2005.5 570 KKE (ii) KKE all
07/21 1,601          979             1,382          3,962               8 8 8 200.125 122.375 172.75 all Kas 600
07/22 2,084          1,727          1,926          2,207          17,788       11,032       36,764             12 12 12 12 12 12 173.6667 143.9167 160.5 183.9167 1482.333 919.3333 (ii) KKE all
2021 2021 2021 2021 2021 2021 2021 2021
22-Jun 6,632          4,457          5,748          16,837             12 12 12 552.6667 371.4167 479 (ii) Kas all
24-Jun 8,207          5,888          5,030          19,125             15 15 15 547.1333 392.5333 335.3333 (ii) Kas all
26-Jun 7,502          4,364          3,831          15,697             14 14 14 535.8571 311.7143 273.6429 (ii) Kas all
28-Jun 9,688          12,244       10,121       32,053             15 15 15 645.8667 816.2667 674.7333 (ii) Kas all
1-Jul 7,367          4,987          4,982          2,162          19,498             15 15 15 15 491.1333 332.4667 332.1333 144.1333 Kas (ii), NKB 4.75 Kas all, NKB 600
3-Jul 6,081          5,377          4,999          2,530          18,987             17 17 17 17 357.7059 316.2941 294.0588 148.8235 Kas (ii), NKB 4.76 Kas all, NKB 600
5-Jul 6,473          3,986          4,672          3,110          18,241             15 15 15 15 431.5333 265.7333 311.4667 207.3333 Kas (ii), NKB 4.77 Kas all, NKB 600
6-Jul 4,387          1,165          894             2,243          8,689               18 18 18 18 243.7222 64.72222 49.66667 124.6111 Kas (i), NKB 4.75 Kas 600, NKB 600
7-Jul 3,453          4,260          3,875          2,734          14,322             15 15 15 15 230.2 284 258.3333 182.2667 Kas (ii), NKB 4.75 Kas all, NKB 600
8-Jul 4,558          4,558          2,828          4,181          7,233          3,139          26,497             18 18 18 18 18 18 253.2222 253.2222 157.1111 232.2778 401.8333 174.3889 (ii) all
12-Jul 2,697          3,638          3,615          4,415          8,361          4,510          27,236             12 12 12 12 12 12 224.75 303.1667 301.25 367.9167 696.75 375.8333 (ii) all
13-Jul 1,848          1,673          1,550          2,158          7,229               17 17 17 17 108.7059 98.41176 91.17647 126.9412 (ii) Kas 600, NKB 600
14-Jul 1,511          1,783          1,895          3,329          8,518               17 17 17 17 88.88235 104.8824 111.4706 195.8235 (ii) Kas 600, NKB 600
15-Jul 3,412          3,367          2,245          3,341          9,370          2,583          24,318             12 12 12 12 12 12 284.3333 280.5833 187.0833 278.4167 780.8333 215.25 (ii) KKE all
18-Jul 1,465       1,465               12 122.0833 all KRSHA 
19-Jul 3,219          7,621          8,831          16,813       57,285       14,346       108,115          12 12 12 12 12 12 268.25 635.0833 735.9167 1401.083 4773.75 1195.5 (ii) KKE all
20-Jul 1,906          1,471          1,865          3,460          18,489       9,477          36,668             12 12 12 12 12 12 158.8333 122.5833 155.4167 288.3333 1540.75 789.75 (ii) KKE 600
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All Kings Shaded rows are preliminary harvest data from inseason assessment
Species Code 410

Sum of Number Of Animals harvested Stat Area
Stat Area Hours Hours Hours Hours Hours Hours Hours CPUE kings per hour gear allowed area open Abreviations
24421 24422 24425 24431 24432 24441 24442 All ESSN 24421 24422 24425 24431 24432 24441 24442 24421 24422 24425 24431 24432 24441 24442

2017 2017 2017 2017 2017 2017 2017 2017 Kas = Kasilof section
06/24 21 20 13 54 13 13 13 1.615385 1.538462 1 all Kas Full KKE - Kenai, Kasilof, and East Foreland sections
06/26 26 22 18 66 14 14 14 1.857143 1.571429 1.285714 all Kas Full KRSHA = Kasilof special harvtes area
06/28 7 15 9 31 9 9 9 0.777778 1.666667 1 all Kas Full NKB = North K Beach stat area
06/29 16 13 16 45 12 12 12 1.333333 1.083333 1.333333 all Kas Full EF = East Forelands section
07/01 16 20 29 65 17 17 17 0.941176 1.176471 1.705882 all Kas Full
07/03 44 45 27 116 14 14 14 3.142857 3.214286 1.928571 all Kas Full
07/05 27 21 15 63 9 9 9 3 2.333333 1.666667 all Kas Full
07/06 56 32 21 109 12 12 12 4.666667 2.666667 1.75 all Kas Full
07/08 66 64 43 173 17 17 17 3.882353 3.764706 2.529412 all Kas Full
07/10 106 27 23 39 122 5 322 12 12 12 12 12 12 8.833333 2.25 1.916667 3.25 10.16667 0.416667 all KKE Full
07/12 51 43 44 42 125 1 306 16 16 16 16 16 16 3.1875 2.6875 2.75 2.625 7.8125 0.0625 all KKE Full
07/13 99 67 57 65 226 6 520 15 15 15 15 15 15 6.6 4.466667 3.8 4.333333 15.06667 0.4 all KKE Full
07/15 80 45 53 60 170 3 411 15 15 15 15 15 15 5.333333 3 3.533333 4 11.33333 0.2 all KKE Full
07/17 73 62 78 61 188 7 469 12 12 12 12 12 12 6.083333 5.166667 6.5 5.083333 15.66667 0.583333 all KKE Full
07/20 27 64 99 122 172 8 492 12 12 12 12 12 12 2.25 5.333333 8.25 10.16667 14.33333 0.666667 all KKE Full
07/29 27 35 86 67 341 16 572 14 14 14 14 14 14 1.928571 2.5 6.142857 4.785714 24.35714 1.142857 all KKE Full
07/31 28 24 65 62 178 357 12 12 12 12 12 12 2.333333 2 5.416667 5.166667 14.83333 0 all KKE Full
08/03 37 11 43 59 99 1 250 12 12 12 12 12 12 3.083333 0.916667 3.583333 4.916667 8.25 0.083333 all KKE Full
08/07 6 19 17 22 76 1 141 12 12 12 12 12 12 0.5 1.583333 1.416667 1.833333 6.333333 0.083333 all KKE Full
08/09 9 13 17 15 54 1 109 15 15 15 15 15 15 0.6 0.866667 1.133333 1 3.6 0.066667 all KKE Full
08/10 10 15 12 16 26 1 80 12 12 12 12 12 12 0.833333 1.25 1 1.333333 2.166667 0.083333 all KKE Full
08/14 2 6 4 2 5 1 20 16 16 16 16 16 16 0.125 0.375 0.25 0.125 0.3125 0.0625 all Kas .5 mile (4), KKE Full (12)
08/15 3 5 8 13 13 13 0.230769 0 0.384615 all Kas .5 mile
2018 2018 2018 2018 2018 2018 2018 2018
06/25 27 24 8 59 12 12 12 2.25 2 0.666667 all Kas Full
06/28 31 81 19 131 12 12 12 2.583333 6.75 1.583333 all Kas Full
06/30 45 70 18 133 14 14 14 3.214286 5 1.285714 all Kas Full
07/04 74 105 57 236 16 16 16 4.625 6.5625 3.5625 all Kas Full
07/07 55 39 36 130 8 8 8 6.875 4.875 4.5 all Kas Full
07/09 36 54 49 51 102 6 298 12 12 12 12 12 12 3 4.5 4.083333 4.25 8.5 0.5 all KKE Full
07/12 25 62 87 177 110 4 465 12 12 12 12 12 12 2.083333 5.166667 7.25 14.75 9.166667 0.333333 all KKE Full
07/14 39 63 37 139 12 12 12 3.25 5.25 3.083333 all Kas .5 mile
07/16 17 17 12 1.416667 all EF full
07/18 2 19 11 32 7 7 7 0.285714 2.714286 1.571429 all Kas 600 ft
07/19 38 46 41 5 130 12 12 12 12 3.166667 3.833333 3.416667 0.416667 all Kas .5 mile, NKB 600
07/21 34 25 24 6 89 12 12 12 12 2.833333 2.083333 2 0.5 all Kas .5 mile, NKB 600
07/22 10 5 12 27 14 14 14 0.714286 0.357143 0.857143 #DIV/0! all Kas 600 ft
07/23 27 26 40 59 196 5 353 12 12 12 12 12 12 2.25 2.166667 3.333333 4.916667 16.33333 0.416667 all KKE Full
07/26 7 6 7 20 12 12 12 0.583333 0.5 0.583333 all Kas 600 ft
07/28 10 11 4 25 8 8 8 1.25 1.375 0.5 all Kas 600 ft
08/08 3 3 12 0.25 all KRSHA 
08/09 7 7 24 0.291667 all KRSHA 
08/10 8 8 24 0.333333 all KRSHA 
08/11 4 4 24 0.166667 all KRSHA 
08/12 6 6 8 0.75 all KRSHA 
2019 2019 2019 2019 2019 2019 2019 2019
06/27 21 19 12 52 12 12 12 1.75 1.583333 1 all Kas Full
06/29 20 12 12 44 8 8 8 2.5 1.5 1.5 all Kas Full
07/01 17 19 9 45 12 12 12 1.416667 1.583333 0.75 all Kas Full
07/04 22 24 28 74 14 14 14 1.571429 1.714286 2 (i) Kas Full
07/08 39 39 49 26 96 6 255 16 16 16 16 16 16 2.4375 2.4375 3.0625 1.625 6 0.375 (i) except EF KKE Full
07/11 31 43 37 39 90 8 248 15 15 15 15 15 15 2.066667 2.866667 2.466667 2.6 6 0.533333 (i) except EF KKE Full
07/13 24 23 41 4 92 12 12 12 12 2 1.916667 3.416667 0.333333 (i) Kas .5 mile, NKB 600
07/15 26 45 30 39 80 3 223 14 14 14 14 14 14 1.857143 3.214286 2.142857 2.785714 5.714286 0.214286 (i) KKE Full
07/18 50 53 51 77 170 10 411 15 15 15 15 15 15 3.333333 3.533333 3.4 5.133333 11.33333 0.666667 (i) KKE Full
07/21 25 26 41 13 105 14 14 14 14 1.785714 1.857143 2.928571 0.928571 (i) Kas .5 mile, NKB 600
07/22 24 27 27 37 107 13 235 15 15 15 15 15 15 1.6 1.8 1.8 2.466667 7.133333 0.866667 (i) KKE Full
07/25 19 14 35 26 30 2 126 17 17 17 17 17 17 1.117647 0.823529 2.058824 1.529412 1.764706 0.117647 (i) KKE Full
07/28 7 9 15 12 53 4 100 16 16 16 16 16 16 0.4375 0.5625 0.9375 0.75 3.3125 0.25 all KKE Full
07/29 7 9 16 16 43 2 93 16 16 16 16 16 16 0.4375 0.5625 1 1 2.6875 0.125 all KKE Full
07/31 7 7 14 15 25 2 70 16 16 16 16 16 16 0.4375 0.4375 0.875 0.9375 1.5625 0.125 all KKE Full
08/01 4 13 17 11 7 4 56 16 16 16 16 16 16 0.25 0.8125 1.0625 0.6875 0.4375 0.25 all KKE Full
08/02 1 3 4 12 12 12 12 0 0.083333 0.25 0 all Kas 600 Ken 600
08/03 3 3 4 2 1 13 11 11 11 11 11 11 0.272727 0.272727 0.363636 0.181818 0 0.090909 all KKE Full
2020 2020 2020 2020 2020 2020 2020 2020
06/23 15 25 7 47 15 15 15 1 1.666667 0.466667 (ii) Kas Full
06/25 10 17 1 28 12 12 12 0.833333 1.416667 0.083333 (ii) Kas Full
06/27 7 18 2 27 9 9 9 0.777778 2 0.222222 (ii) Kas Full
06/30 11 17 9 37 12 12 12 0.916667 1.416667 0.75 (ii) Kas Full
07/02 16 20 6 1 43 15 15 15 15 1.066667 1.333333 0.4 0.066667 (i) Kas, NKB 4.75 NKB Kas full
07/04 23 23 6 52 9 9 9 9 2.555556 2.555556 0.666667 0 (i) Kas, NKB 4.76 NKB Kas full
07/06 11 27 18 1 57 13 13 13 13 0.846154 2.076923 1.384615 0.076923 (i) Kas, NKB 4.77 NKB Kas full
07/07 5 12 7 1 25 13 13 13 13 0.384615 0.923077 0.538462 0.076923 Kas all, NKB 4.75 Kas 600, NKB 600
07/08 13 25 2 40 8 8 8 8 1.625 3.125 0.25 0 Kas (ii), NKB 4.75 Kas 600, NKB 600
07/09 16 9 2 1 41 2 71 15 15 15 15 15 15 1.066667 0.6 0.133333 0.066667 2.733333 0.133333 KKE (ii) KKE all
07/13 7 13 9 5 33 67 12 12 12 12 12 12 0.583333 1.083333 0.75 0.416667 2.75 0 KKE (ii) KKE all
07/15 16 12 11 6 60 105 12 12 12 12 12 12 1.333333 1 0.916667 0.5 5 0 KKE (ii) KKE all
07/16 5 5 4 14 12 12 12 12 0.416667 0.416667 0.333333 0 all Kas 600, NKB 600
07/20 9 16 9 13 63 2 112 12 12 12 12 12 12 0.75 1.333333 0.75 1.083333 5.25 0.166667 KKE (ii) KKE all
07/21 4 5 3 12 8 8 8 0.5 0.625 0.375 all Kas 600
07/22 14 13 13 15 56 4 115 12 12 12 12 12 12 1.166667 1.083333 1.083333 1.25 4.666667 0.333333 (ii) KKE all
2021 2021 2021 2021 2021 2021 2021 2021
22-Jun 20            21            8              49 12 12 12 1.666667 1.75 0.666667 (ii) Kas all
24-Jun 23            9              5              37 15 15 15 1.533333 0.6 0.333333 (ii) Kas all
26-Jun 22            13            7              42 14 14 14 1.571429 0.928571 0.5 (ii) Kas all
28-Jun 20            32            20            72 15 15 15 1.333333 2.133333 1.333333 (ii) Kas all
1-Jul 20            11            19            -          50 15 15 15 15 1.333333 0.733333 1.266667 0 Kas (ii), NKB 4.75 Kas all, NKB 600
3-Jul 15            15            18            1              49 17 17 17 17 0.882353 0.882353 1.058824 0.058824 Kas (ii), NKB 4.76 Kas all, NKB 600
5-Jul 16            12            20            2              50 15 15 15 15 1.066667 0.8 1.333333 0.133333 Kas (ii), NKB 4.77 Kas all, NKB 600
6-Jul 3              1              1              -          5 18 18 18 18 0.166667 0.055556 0.055556 0 Kas (i), NKB 4.75 Kas 600, NKB 600
7-Jul 8              9              8              1              26 15 15 15 15 0.533333 0.6 0.533333 0.066667 Kas (ii), NKB 4.75 Kas all, NKB 600
8-Jul 12            14            15            5              97            4              147 18 18 18 18 18 18 0.666667 0.777778 0.833333 0.277778 5.388889 0.222222 (ii) all
12-Jul 11            23            24            48            76            3              185 12 12 12 12 12 12 0.916667 1.916667 2 4 6.333333 0.25 (ii) all
13-Jul 9              10            1              3              23 17 17 17 17 0.529412 0.588235 0.058824 0.176471 (ii) Kas 600, NKB 600
14-Jul 7              16            4              -          27 17 17 17 17 0.411765 0.941176 0.235294 0 (ii) Kas 600, NKB 600
15-Jul 15            21            17            38            89            8              188 12 12 12 12 12 12 1.25 1.75 1.416667 3.166667 7.416667 0.666667 (ii) KKE all
18-Jul 2              2 12 0.166667 all KRSHA 
19-Jul 18            30            38            29            100          8              223 12 12 12 12 12 12 1.5 2.5 3.166667 2.416667 8.333333 0.666667 (ii) KKE all
20-Jul 8              4              11            4              43            2              72 12 12 12 12 12 12 0.666667 0.333333 0.916667 0.333333 3.583333 0.166667 (ii) KKE 600

PC112
13 of 13



131313



14

2021-2022 Board Members 

Chair 

Vice Chair 

Vice Chair 

Secretary/Treasurer 

Vice President 

Kenai River Sportfishing Association 
35093 Kenai Spur Highway, Soldotna, AK 99669 

Office: 907.262.8588 | Fax: 907.262.8582 | 501 (c) (3) Tax ID 92-0142688 



14

Kenai River Sportfishing Association 
35093 Kenai Spur Highway, Soldotna, AK 99669 

Office: 907.262.8588 | Fax: 907.262.8582 | 501 (c) (3) Tax ID 92-0142688 



5



6



7



7

acutely



7



8

Ahtna Intertribal 
Resource Commission 



8

BOF - Work Session 10.06.2021 Page 2 of 2



9

October 5, 2021 

ADF&G Support Section 
ATTN:  Board of Fisheries Comments 
P.O. Box 115526 
Juneau, Alaska 99811-5526 

Via email to dfg.bof.comments@alaska.gov 

To members of the Alaska Board of Fisheries: 

We are writing to express strong concern about the stated intention of the Alaska 
Department of Fish & Game (ADF&G) in its Prince William Sound Escapement Goal memo with 
regard to Copper River king salmon. We feel that the lower bound of the proposed king salmon 
escapement goal, 21,000 fish, is not adequate to ensure sustainable returns. We urge the Board of 
Fisheries to look to Prince William Sound proposal 5, which would establish an optimum 
escapement goal of 24,000 - 40,000 fish, as a preferable, although still inadequate, alternative. We 
feel that there should be an optimum escapement goal of 35,000 – 50,000 Chinook salmon. 

We oppose ADF&G’s efforts to lower the goal for management purposes. The past two
decades have seen unprecedented declines in Copper River Chinook salmon runs. It is difficult 
to foresee any path to recovery from these declines when ADF&G is repeatedly lowering its own 
goals. The current Chinook escapement goal, 24,000, has already been lowered from the previous 
one of 28,000. 

In addition to the dramatic declines in king salmon run sizes, the sizes of the fish, 
themselves, are getting markedly smaller as well. This has clear implications for their 
reproductive potential: smaller fish have fewer eggs and are otherwise less productive. In order 
to maintain the same level of returns, ADF&G should be increasing its escapement goal—not 
decreasing it—in response to these changes in body size. 

As a justification for lowering its escapement goals, ADF&G has often argued that it must 
avoid overescapement, and the associated risks of diminished productivity and returns. This was 
part of its original rationalization for lowering the escapement goal from 28,000 to 24,000. After 
the goal was lowered, however, Chinook salmon run sizes continued to decline to historically 
low levels and underescapement became commonplace. Lowering the goal again is likely to 

wwwww.ahtna.com 
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normalize this pattern of underescapement by lowering expectations and shifting the 
management baseline. 

Low Chinook runs are already having detrimental impacts on Ahtna tribal citizens and 
other upriver users who depend on the Copper River for their livelihoods. The 2021 season saw 
the closure of all state fisheries to Chinook retention. This harms subsistence users who depend 
on salmon as an important source of food, but it also harms the economic opportunities brought 
by the upper river sport and personal-use fisheries. 

Finally, the problems with Chinook underescapement and low returns are compounded 
by a lack of alignment between the escapement goals and the in-river goal. The in-river run goal 
specified in the management plan is only 17,500 other salmon, which includes both Chinook and 
coho salmon. This number is inadequate to meet an escapement goal of 21,000—let alone 24,000. 
The management plan must be revised to reflect appropriate objectives for Copper River Chinook 
salmon escapement needs. 

Along these same lines, the Copper River District Salmon Management Plan (CR District 
Plan, 5 AAC 24.360) contains different escapement goals that are not consistent with one another. 
This raises the question of whether ADF&G managers in the Copper River district are effectively 
coordinating with those of the upper Copper River district to work toward system-wide 
conservation of Chinook salmon. 

One obvious reason for this inconsistency is that ADF&G is managing for commercial 
uses and take, rather than prioritizing subsistence fisheries as required by AS 16.05.258. ADF&G 
must manage for the conservation and sustainability of the resource. 

We appreciate this opportunity to share our concerns and perspectives on ADF&G's 
stated intentions to revise the SEG for Copper River king salmon and the Kenai River Sportfishing 
Associations' Proposal 5 to instead establish an Optimal Escapement Goal as we discuss in more 
detail below. With increasing salmon conservation concerns and the resulting dire impacts to 
Alaska tribal communities’ ancestral tribal uses of salmon across the State of Alaska, it is 
important for ADF&G to live up to its oft-cited claim that it has the most public involvement in 
fish and wildlife management in the United States. 

To such an end, we encourage the Alaska Board of Fisheries and the ADF&G to honor the 
Policy for statewide salmon escapement goals that requires " . . . a process that facilitates public 
review of allocative issues associated with escapement goals." (5 AAC 39.223). In the past and in 
other regions of Alaska, ADF&G has held meetings with the public while reviewing and 
developing revisions to escapement goals to ensure public involvement in the escapement goal 
setting process. Throughout this present regulatory cycle, involvement and consultation with the 
public appears to have been minimal such that we are left with this one opportunity to be 
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involved in this significant decision. In the absence of any opportunities for public comments or 
formal tribal consultations at the upcoming Alaska Board of Fisheries Work Session, we are once 
again limited to sharing our concerns in this letter. 

Furthermore, we encourage the Alaska Board of Fisheries and the ADF&G to adhere to 
its own policy as outlined 2002-216-FB, which requires government-to-government consultation 
with federally recognized tribes on issues that significantly affect the interests of the Ahtna tribal 
governments. The reallocation of Copper River Chinook salmon from spawning escapement and 
prioritizing customary and traditional subsistence and ancestral tribal uses of king salmon over 
the commercial fishery are significant to our customary and traditional way of life. 

In the absence of substantive consultation and communication with the public 
stakeholders with interests in Copper River salmon management and the sovereign tribal 
governments of the Copper Basin who have stewarded salmon resources for thousands of years, 
we submit these written comments that summarize our requests and concerns regarding 
revisions to the Copper River king salmon escapement goal. 

Respectfully, Respectfully,

Nicholas Jackson, Chair 
Customary & Traditional Committee 
Ahtna, Incorporated 
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From: dave@hookycharters.com
To: DFG, BOF Comments (DFG sponsored) 
Subject: King Salmon Conservation 
Date: Monday, October 4, 2021 4:25:55 PM 

It is time to take drastic measures to save our king salmon! I moved to the Kenai area in the spring of 
1976. I ran a commercial drift boat for about fifteen years in the Cook Inlet. I have friends that are 
set netters. I am a fishing guide on the Kenai River. I have been active in the Board Of Fish process 
for many years fighting to save our king salmon. We through the Board process put closures in place 
to protect king salmon up and down the Kenai river. The sport fishing pressure is much less now 
than it was in the eighties and nineties and still our kings are failing to meet minimum goals. It is 
time to close all king salmon fishing in Cook Inlet. Yes sport fishing will suffer, but we need to fix the 
problem now. Back in the seventies and eighties there was a need for set gill netting, but now with 
the influx in population and the growth of the tourism industry in Alaska we can no longer justify set 
gill netting.  They simply kill too many king salmon. The Cook Inlet drift fleet can be used to catch the 
excess sockeye and the ones that get past them can be harvested by dip netters from all around the 
state as well as sprot fishermen.  The resource belongs first to the residents of Alaska and individuals 
who travel to this state to take fish home. 

David Goggia 
9087-252-3503 
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From: 
Date: Thu, Jul 15, 2021 at 8:11 PM 
Subject: Recent declines in salmon body size impact ecosystems and fisheries 
To: Mckenzie Mitchell 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7438488/ 

Recent declines in salmon body size 
impact ecosystems and fisheries 
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ARTICLE
https://doi.org/10.1038/s41467-020-17726-z OPEN

Recent declines in salmon body size impact
ecosystems and fisheries
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1✉B. Lewis11, S. Munch1,12, J. D. Reynolds13, G. K. Vick14 & E. P. Palkovacs

Declines in animal body sizes are widely reported and likely impact ecological interactions

and ecosystem services. For harvested species subject to multiple stressors, limited under-

standing of the causes and consequences of size declines impedes prediction, prevention, and

mitigation. We highlight widespread declines in Pacific salmon size based on 60 years of

measurements from 12.5 million fish across Alaska, the last largely pristine North American

salmon-producing region. Declines in salmon size, primarily resulting from shifting age

structure, are associated with climate and competition at sea. Compared to salmon maturing

before 1990, the reduced size of adult salmon after 2010 has potentially resulted in sub-

stantial losses to ecosystems and people; for Chinook salmon we estimated average per-fish

reductions in egg production (−16%), nutrient transport (−28%), fisheries value (−21%),

and meals for rural people (−26%). Downsizing of organisms is a global concern, and current

trends may pose substantial risks for nature and people.
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Few organismal traits are as profoundly important as body
size, given its role in reproductive fitness, physiology,
demography, predator–prey dynamics, and value for human

use1. Yet major selective forces such as climate change and har-
vest may be causing widespread declines in organismal body
size2–5. Climate change has been linked to body size declines in
many species2,3, including Soay sheep in Scotland6, aquatic
ectotherms across Europe7, and migratory North American
birds8. Harvest is also known to result in smaller body size5,9, for
example, declines in body size and age-at-maturity preceded the
collapse of Atlantic cod stocks off the eastern coast of Canada10.
Understanding the causes of body size declines is daunting given
the influence of numerous, potentially interacting factors. Indi-
vidually or in unison, these underlying factors can influence body
size through shifting population age structure, changing growth
rates, or a combination thereof. Age truncation can compound
the effects of body size on population productivity by increasing
demographic variability in response to changing environments11.
Body size declines influence species’ demography4 and trophic
interactions12 and may reduce the sustainable delivery of eco-
system services such as fisheries yield9.
Here, we examine changes in body size for four species of

Pacific salmon (Oncorhynchus spp.), by assembling a 60-year
(1957–2018) database of size and age measurements from 12.5
million individually-measured fish. The uniquely large spatial and
temporal scale of our dataset enabled us to conduct one of the
most comprehensive studies to quantify system-wide body size
declines across multiple species and identify potential causal
mechanisms, and one of the first studies to quantify ecological
and socioeconomic consequences of those observed size declines.
Our overarching goals were to understand the magnitude and
consistency of size declines across regions and species, evaluate
potential causes, and quantify the consequences of these changes
for ecosystems and people.
Pacific salmon are integral ecosystem components and con-

tribute to human well-being, primarily as sources of food security
and cultural connection13,14. The annual return of salmon to their
natal streams provides vital nutrient subsidies that support
freshwater, riparian, and terrestrial ecosystems15. Alaska is widely
considered a stronghold of intact, functioning salmon–people
ecosystems, largely free of the factors that have severely depressed
salmon abundances elsewhere, such as over-harvest, habitat-loss,
net pen aquaculture (prohibited by law in Alaska), dams, and
water diversion16. However, accumulating evidence from local
and indigenous knowledge suggests that adult salmon body sizes
are decreasing, including in Alaska where salmon provide critical
support for ecosystems and people17–19, cf. ref. 20.

Serious consequences for ecosystems and people could result
from salmon size declines. Smaller salmon transport less marine-
derived nutrients and produce fewer offspring21,22. Smaller sal-
mon could threaten food security in rural salmon-dependent
communities, where diminished access to calorie-rich salmon
directly influences well-being and human health13. From an
economic perspective, smaller salmon translate to lost commer-
cial fisheries profit due to reduced flesh recovery rates (pro-
portionally more skin, viscera, and bones but less muscle),
increased processing cost, and lower prices. In some cases, losses
due to changing salmon size could be mitigated by increasing
conspecific abundances for certain ecosystems services and spe-
cies. However, the opportunity for mitigation will be limited for
species like Chinook salmon that have generally experienced
declines in abundance concurrent with size declines23 or for
ecosystem services for which abundance cannot replace size. For
example, recreational anglers highly value catching large fish,
which influences decisions on fishing trip destinations24. In
addition, abundant species like sockeye and pink salmon cannot
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replace many ecosystem services provided by Chinook salmon
because Chinook salmon generally have much greater migration
distances, fat content, and cultural importance. For salmon in
Alaska, the extent to which body size is changing across species
and regions, the causes of size changes, and the consequences for
nature and people are poorly known.

We synthesize patterns of salmon body size change across the
state of Alaska for Chinook (Oncorhynchus tshawytscha), chum
(O. keta), coho (O. kisutch), and sockeye salmon (O. nerka).
While previous studies have documented changes in size and age
in Pacific salmon17,18,20, our investigation across species, decades,
and locations allows a uniquely comprehensive analysis of con-
sistency in trends, causes, and consequences of those changes at
an unprecedented spatial and temporal scale. Our analysis is
based on six decades of salmon size and age measurements col-
lected by the Alaska Department of Fish and Game from
1014 sampling locations across Alaska’s diverse landscapes—from
temperate rainforests to Arctic ecosystems.
We show that body size has declined significantly across Pacific

salmon species in Alaska, but that the rate of change has not been
constant over time. Changing age structure (younger age-at-
maturity) consistently explains a greater proportion of overall size
changes than do changing growth rates (smaller size-at-age);
salmon are getting smaller primarily because they are returning to
reproduce at a younger age than they did in the past. Climate
change and competition with highly abundant wild and hatchery-
produced salmon appear to be widespread drivers of size declines.
We found limited evidence for a widespread role of size-selective
harvest. The consequences of these changes for ecosystems and
people are widespread: size declines are likely causing decreases in
key ecological processes and human uses, including per-capita
egg production, marine-derived nutrient subsidies, rural food
security, and commercial value for harvesters.

Results
Consistency in salmon size declines. In all four salmon species,
average body sizes were smaller after 2010 compared to before 1990
(the earliest baseline with sufficient data, Fig. 1). Comparing mean
body length pre-1990 to mean body length post-2010, Chinook
salmon exhibited the greatest magnitude decline, averaging an 8.0%
decline in body length, compared to 3.3% in coho salmon, 2.4% in
chum salmon, and 2.1% in sockeye salmon. Within species, the
magnitude of declines varied among regions and populations
(Fig. 1). For example, Chinook salmon populations in Westward
Alaska and Arctic–Yukon–Kuskokwim declined by 10% on average,
whereas conspecifics in Southeast Alaska declined by 4%.
General additive models (GAMs) confirmed that average sizes

declined through time in each species (nonlinear year effect for
each species p < 0.0001, R2= 0.453, 0.621, 0.687, 0.784 for
Chinook, sockeye, coho, and chum salmon respectively, Fig. 2a),
although the common (among location) pattern in average size
across time differed between species. To evaluate whether there
was greater support for species-specific nonlinear year effects
through time, or a single shared temporal pattern, we fit
competing GAMs to mean-variance standardized length observa-
tions from each location. Inclusion of species-specific nonlinear
year effects explained much more variance (R2= 0.80) compared
to a single shared (i.e., shared among species) nonlinear year
effect (R2= 0.04). This result was confirmed by fitting an
additional model that included both the common and species-
specific nonlinear year effects, in which species-specific trends
were significant (p < 0.0001) while the common trend was not
(p= 0.3). All species are declining in body size but patterns of
decline differ among species, thus species-specific trends were
analyzed and are discussed separately.
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Fig. 1 Across Alaska, average salmon body size has gotten smaller. On average, salmon body size was smaller post-2010 compared with pre-1990 across
all areas and species examined. a Map of sampling area with regions numbered and colored by Alaska Department of Fish and Game management area.
Our analyses included data from all regions shown except Arctic. b Boxplots show percent change in mean length between data collected before 1990 and
after 2010. Points show change in mean length for individual populations. Red line indicates no change. Center line represents the median, box limits
represent the upper and lower quantiles, whiskers represent the 1.5× interquartile range. Only populations for which we had data in both periods were
included (100 sockeye, 34 Chinook, 32 chum, and 13 coho salmon populations). If sufficient data were available for three or fewer populations, the box was
replaced by a gray dashed line at the median. AYK represents the Arctic–Yukon–Kuskokwim management area. Sample sizes are presented in
Supplementary Data 4.

Within each species, size trends were nonlinear (effective
degrees of freedom= 3.75 for Chinook, 8.86 for chum, 7.78 for
coho, and 8.81 for sockeye salmon; Fig. 2a) and included several
periods of increasing and decreasing size. Separate species-specific
models (Fig. 2a) revealed similarities among sockeye, chum, and
coho salmon, including shared size declines starting in the mid-
1980s followed by recovery in the early-1990s. These three species
all showed an abrupt decline in body size starting in 2000 and
intensifying after 2010. Size declines were more linear in Chinook
salmon than in other species, but the rate of decline also
accelerated after 2000.
Comparing model fits for GAMs that incorporate regional- and

population-level trends revealed that Chinook and coho salmon
exhibit high spatial variation in patterns of body size change, best
explained by population-specific nonlinear year effects. In
contrast, sockeye and chum salmon populations exhibited less
spatial variability, which was best explained by regional-level
patterns (Supplementary Table S1).

Contributions of declining age versus growth. Across species,
shifts in age structure explained 88% of interannual variation in
mean size on average (Fig. 3). In general, salmon are currently
smaller than in the past because adults are returning to spawn at
younger ages (Fig. 2). Changing size-at-age (Supplementary
Fig. S1), which might result from decreased growth, explained a
greater proportion of size change in coho salmon (20% on
average) than in other species (7.4% in Chinook salmon, 7.1% in
chum salmon, 5.9% in sockeye salmon), yet across all species and
regions the contribution of changing size-at-age to declines in
body sizes was less important than that of changing age structure.

Causes of salmon size declines. Both environmental change and
increased competition at sea with highly abundant wild and
hatchery salmon could result in body size declines through
reductions in the availability or quality of food resources18,20.
Climate warming might also reduce ectotherm body size by
increasing metabolic and developmental rates2. Finally, all of
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Fig. 3 Body size declines result primarily from shifting age structure. Changes in population mean length are primarily due to changing age composition
(gray) and to a much lesser extent changing size-at-age (black). For each population the mean among-year contribution was calculated, then region means
calculated from population-level means. Sample sizes are presented in Supplementary Data 6.
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Fig. 4 Climate and competition influence salmon body size. Effects of climate and competition proxies (detailed in Methods, MEIw is winter MEI) on body
size varied among species, as estimated by hierarchical Bayesian models describing length-environment relationships. Posterior probability distributions (in
color) for estimated species-specific (group) mean effects of climate and competition covariates across locations. Posterior medians, 50% and 95%
credible intervals are described by the white point, thick and thin black lines. Negative effects indicate high values of a covariate are correlated with smaller
salmon body size on average across locations in Alaska. See Supplementary Fig. S4 for population-specific covariate effect estimates. Sample sizes are
presented in Supplementary Data 7.

these environmental factors could result in increased natural
mortality in the ocean, leading to reduced average age-at-return
to freshwater.

To evaluate the hypothesized effects of climate and competi-
tion at sea (Supplementary Figs. S2, S3), we fit hierarchical
Bayesian models estimating the association between temporal
trends in location-specific salmon size and a range of environ-
mental covariates, while also estimating a nonlinear year effect
describing temporal trends in length that were common across
populations but not explained by covariates. After accounting for
absolute body size differences among populations, our ability to
explain changes in body size ranged from a Bayesian25 R2 of 0.28
in sockeye salmon, 0.29 in Chinook salmon, 0.35 in chum
salmon, to 0.48 in coho salmon.
Multiple factors with small individual effects were associated

with body size declines (Fig. 4). Although the relative importance
of each metric differed among species (Fig. 4) and populations
(Supplementary Fig. S4), at least one climate metric and one
competition metric were important for each species. Only
Alaskan pink salmon abundance had a negative association with
body size across all species, but the negative association was weak
in all cases except sockeye salmon. Some factors emerged as

particularly important for individual species. For sockeye salmon,
North Pacific pink salmon abundance had a particularly strong
negative association with body size. For chum salmon, a strong
negative association with the North Pacific Gyre Oscillation
(NPGO) contrasted with a similarly strong positive association
for coho salmon. No single factor was a particularly important
predictor of body size in Chinook salmon; instead many factors
had moderate contributions to body size change. After controlling
for covariate effects, each species-specific model included a
common residual trend that showed overall decline in salmon size
across time (Supplementary Fig. S6). This result suggests that
salmon might be responding to one or more physical or biological
drivers that were not included among the environmental
covariates explored.
Metabolic effects of temperature on size26 do not appear to

be driving body size changes in Alaska salmon (see
Supplementary Methods section “Metabolic effects of tem-
perature on size”). Relationships between salmon body size
and temperature did not fit the predictions of the metabolic
theory of ecology26. Rather, the variable influence of climate
drivers suggests that the impact of climate on salmon body
size is species-specific and to a lesser extent location-specific
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Fig. 5 Size declines could result in negative consequences for ecosystems and people. Salmon body size declines over the past 30 years have negative
consequences for a fecundity, b nutrient transport, c commercial fishery value, and d rural food security. We estimated the difference in ecosystem
services provided by an average salmon before 1990 versus after 2010, by converting change in mass to change in services provided. A meal is the species-
specific average reported meal size in grams reported by subsistence users from two villages in nearby Yukon Territory, Canada, see Methods for details.
Each gray point represents an estimate for an individual population. The red line represents no change in ecosystems services provided by each fish. Center
line represents the median, box limits represent the upper and lower quantiles, whiskers represent the 1.5× interquartile range. Sample sizes are presented
in Supplementary Data 4.

(see Supplementary Fig. S4), perhaps occurring through
climate-mediated changes in food availability or quality. A
similarly variable relationship between temperature and body
size across species was recently uncovered in a large-scale
analysis of size trends in Australian reef fishes27.

Due to limited data availability, we investigated the effects of
average harvest rate on long-term body length change in a
separate analysis on the subset of populations for which we had
sufficient harvest information. We expected that if fisheries-
induced size structure truncation, or evolution, contributed to
size declines, populations subjected to higher rates of size-
selective harvest would show greater magnitude declines28. We
tested this hypothesis using 33 populations (25 sockeye and eight
Chinook) with sufficient data to rigorously calculate harvest rate.
Counter to expectations, we detected no significant relationship
between harvest rate and change in body size among populations
(Supplementary Fig. S5, R2= 0.02, F1,30= 0.56, p= 0.46).

Consequences of declining body size. To quantify the per-capita
change in several ecosystem services resulting from observed
declines in body size, we used species-specific length-weight
relationships to convert change in length to change in mass (see
Methods for details). Next, we converted change in mass to per-
capita changes in fecundity, nutrient transport, human nutrition,
and commercial value (Fig. 5). The per-capita effects of size
declines will be most impactful when accompanied by decreases

in abundance, as observed for Chinook salmon, whose abun-
dances23 and body sizes have both declined in recent years. Our
estimates suggest that the dramatic body size declines observed in
Chinook salmon translate to equally dramatically reduced per-
capita contributions to people and nature, including median
reductions in egg production (−15%), commercial value (−25%),
meals provided (−26%), and nutrient transport (−26%).
Reductions for other species were less dramatic, but still sub-
stantial (Fig. 5, Supplementary Data 1–3).

Discussion
We provide comprehensive evidence that four species of Pacific
salmon in Alaska are now smaller than they were historically,
with the rate of decline having accelerated since the year 2000.
Declining body size overwhelmingly results from younger
maturation (i.e., age-at-return) rather than reductions in growth
(i.e., size-at-age). Although no single factor explained size
declines, we revealed that both climate and competition at sea are
associated with changes in salmon size across Alaska. This result
extends the findings of other recent studies that also show
impacts of climate and competition on salmon body size20 and
age-at-maturity29. Finally, we show that declines in body size over
the past 30 years have likely translated into important ecological
and socioeconomic consequences for salmon-dependent ecosys-
tems and peoples in Alaska, especially for the largest of the
species, Chinook salmon.
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Widespread declines in body size occurred over the past four
decades across four salmon species (Fig. 1, Fig. 2a). This finding
generalizes previous species- and region-specific analyses19,30,31.
Size trends were more similar for a given species across regions
than for a given region across species (Fig. 1), with Chinook
salmon showing the greatest decline in size (−8.0%), followed by
coho salmon (−3.3%), chum (−2.4%) and sockeye (−2.1%). In
contrast to many previous studies that assume monotonic linear
changes in size18,19, our use of general additive models revealed
markedly nonlinear changes, including an apparent recent
acceleration of size decline beginning around 2000 that was
shared among all four species, and several common periods of
high and low average size among sockeye, chum, and coho sal-
mon (Fig. 2a). Identifying the putative drivers of specific periods
of time exhibiting shared body size change was beyond our scope,
but is likely a fruitful avenue for future research.
Underlying the general body size decline observed across

species, a considerable amount of among-region and among-
population variation in body size change was observed within
species. Body size trends were best explained by models that
allowed region-specific (chum and sockeye salmon) or
population-specific (Chinook and coho salmon) responses
through time, rather than a single response shared among regions
and populations (Supplementary Table S1). We interpret this
result to reflect the large number of populations sampled from
diverse habitats across Alaska, from temperate rainforest eco-
systems in Southeast Alaska to subarctic ecosystems in Kotzebue.
The idiosyncratic responses of body size to climate indices we
observed could be partially explained by differential responses
across species, regions, and populations according to site-specific
habitat climate filtering, evolutionary histories, and relative
location in their species range or climate envelope.
To an unknown extent, other external factors likely also con-

tributed to variation in patterns of size declines among regions
and species. For example, the relatively low magnitude body size
declines in Southeast Alaska Chinook salmon (Fig. 1) could be
explained by an unusual characteristic of the Southeast Alaska
troll fishery for Chinook salmon, which catches a high proportion
of immature salmon from British Columbia, Washington, Ore-
gon, and California32. Reductions in the size and age of Chinook
salmon originating from these areas outside of Alaska have not
been as extreme as those observed for Alaskan Chinook salmon
populations20,31.
Earlier maturation (age-at-return), rather than slower growth

(size-at-age), was primarily responsible for observed size declines
across species and regions (Fig. 3). Chinook salmon, which
exhibit the greatest life history diversity and thus greatest capacity
for change in age-at-maturity, showed the greatest magnitude of
decline in both body size and age-at-maturity. This result for-
malizes and extends findings from previous studies that age
truncation appears to play an important role in declining Chi-
nook salmon body size19,30,31,33. Compared to Chinook salmon,
changes in age-at-maturity were more variable through time in
chum and sockeye salmon (Fig. 2), which also showed size
declines but of lower magnitude. Both chum and sockeye salmon
showed an initial increase in average saltwater age, but this
increase has been followed by generally decreasing age-at-
maturity, coinciding with the pronounced recent declines in
body size.
Although our results provide strong evidence that salmon are

becoming smaller because they are returning from the ocean at a
younger age, we were unable to distinguish the contributions of
changing maturation schedules from increasing marine mortality.
Younger age structure could result from numerous scenarios,
including plastic responses to positive growth conditions that
allow salmon to reach a threshold size earlier34, evolutionary
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shifts in maturation schedules35, increased late-stage mortality36,
compounding risk from overall increased mortality36, or any
combination of the above. Finer-scale information about marine
mortality is needed to explore these non-mutually exclusive sce-
narios. It is also important to recognize that the potential for
growth rate to influence age-at-maturity34 means that, despite the
lesser contributions of changing size-at-age, some proportion of
the changes in age-at-maturity that contribute to body size
declines might ultimately result from changes in growth rate.
Climate and competition at sea clearly influence salmon size.

Results for each species indicated a strong effect of at least one
climate metric. However, specific metrics varied in their direction
and magnitude across species, underscoring the complex effects
of climate on body size (Fig. 4). Recent work on salmon pro-
ductivity has shown that relationships between salmon and cli-
mate variables vary through time37, and the influence of climate
on body size could be similarly non-stationary.
Competition metrics also had important but variable effects on

salmon body size (Fig. 4; Supplementary Fig. S4). The strongest
negative association we detected was between sockeye salmon
body size and the North Pacific-wide abundance of pink salmon.
This result corroborates previous studies documenting negative
influences of Asian pink salmon abundance on Alaskan sockeye
salmon, which share similar prey communities and distributions
during their final years at sea38. Indeed, the only consistently
negative effect across all species was that of Alaskan pink salmon
abundance (Fig. 4), although this effect was weak in most species.
Intriguingly, the shared acceleration of size declines post-2000
occurred during a period of unusually high (though variable) pink
salmon abundance in Alaska39, suggesting high pink salmon
abundances could be accelerating or exacerbating size declines.
Our results provide further evidence that wild and hatchery-
enhanced pink salmon abundance in the North Pacific has
reached such high levels that they appear to be exerting an
influence on ecosystem structure and function40.
For each species, we detected an underlying trend shared

among populations (i.e., a nonlinear year effect) that was not fully
explained by any climate or competition covariates (Supple-
mentary Fig. S6). These shared trends suggest that, within species,
populations are responding similarly to other broad-scale factors
we did not identify as a priori hypotheses and as a result were not
included in our models.
Our results are consistent with previous studies that suggest

fisheries are likely not a major driver in broad patterns of salmon
size decline20,29,41, yet might play an important role for some
populations42,43. Harvest has been implicated in size and age
declines for many marine fishes5,28 and has long been expected to
contribute to declining salmon size17. We did not detect any
overall relationship between harvest rate and size change, but our
analysis was necessarily limited to a subset of intensively mon-
itored Chinook and sockeye salmon populations with adequate
data. Furthermore, the potential for differences in size selectivity
across fisheries and gear types44 could limit the extent to which
these results can be extrapolated to other fisheries.

We lacked sufficient data to investigate several factors that
could contribute to size declines, especially in certain species or
regions. In Alaska, there is relatively little contribution of
hatchery production to the overall abundances of sockeye, coho,
and Chinook salmon29,39, but hatchery selection45 could con-
tribute to size declines in regions with high hatchery production,
such as chum salmon in Prince William Sound and Southeast
Alaska. We were unable to rigorously test for an effect of hatchery
selection, but populations from hatchery-intensive regions did
not appear to show greater magnitude declines in body size
compared to populations from other regions (Fig. 1). We also
lacked sufficient data on predator abundances to test for effects of
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size-selective predation, but bioenergetic modeling has shown
that size-selective predation from killer whales (Orcinus orca)41

and salmon sharks (Lamna ditropis)46 could be contributing to
body size declines in Chinook salmon. The limited diet data
available for Alaska resident killer whales47,48 suggests that they
show lower selectivity on Chinook salmon than do killer whales
from Washington and British Columbia49 upon which these
models are based41. Additional data on hatchery selection, pre-
dator abundances, selectivity for salmon, and size-selectivity are
needed in Alaska in order to rigorously test these hypotheses.
We estimate that the observed salmon size declines could

already be causing substantial reductions in fecundity, nutrient
transport, economic value, and food security (Fig. 5). Declines in
fecundity can impede population productivity and recovery50.
Due to these effects on productivity, declines in body size have
been used in other systems to predict population declines and
collapses51. Reduced salmon size also decreases the per-capita
transport of marine-derived nutrients into terrestrial ecosystems,
with important implications for a wide array of ecological pro-
cesses including riparian productivity and biodiversity15. Salmon
are economically important; in 2017, the ex-vessel value (price
paid to fishermen) of Bristol Bay salmon fisheries alone was over
$214,000,00052. Meanwhile, the value of subsistence salmon
fisheries for rural and Indigenous communities is profound, with
broad implications for food security, well-being, and cultural
connectivity13,14. Socioeconomic impacts of declining salmon size
have long been of concern for Alaskans, especially those whose
well-being, food security, and economic livelihoods depend on
salmon14.

We considered per-capita delivery of ecosystem services, but
the realized consequences of declining body sizes will also depend
on salmon abundances. The consequences of declining size could,
to some extent, be balanced by increasing abundances in some
species such as sockeye and chum salmon whose abundances
have generally increased in recent years throughout the state39. In
contrast, Chinook salmon abundances have generally declined
across Alaska23, so the socioeconomic impacts of declining Chi-
nook salmon size are already compounded by reduced abundance
and resulting regulatory limitations on harvest opportunity.
Because Alaska salmon are managed according to a fixed esca-
pement policy under which the number of adult salmon that
reach the spawning grounds is held generally constant across
years, increases in total abundance tend to result in large harvests
but generally do not translate into increased escapement. The
relatively stable numbers of salmon on the spawning grounds,
even in years of high abundance, will result in limited ability for
high abundances to mitigate the per-capita ecological con-
sequences of declining size. How increasing salmon abundance
might offset the costs of declining body size for the commercial
fishery is a complex topic worthy of further exploration, especially
for sockeye and chum salmon.

We also acknowledge that other external factors will impact the
consequences of declining body size. For example, the economic
costs of declining body size are also influenced by idiosyncrasies
of production costs and market fluctuations due to trade policies
or the availability of market substitutes like farmed Atlantic sal-
mon53. These complexities are extremely difficult to fully address
at a state-wide multispecies level, but in-depth species-specific
considerations of the potential consequences of size declines that
account for abundance are important topics for future
investigation.
Our findings contribute to the mounting body of evidence that

maintenance of body size, in addition to abundance, is critical for
maintaining healthy salmon-people and salmon-ecosystem rela-
tionships. Yet, what are the options to slow or even reverse these
size declines? While the impacts of size declines are experienced
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locally, the primary causes appear to be regional and even global.
Of the two primary drivers associated with size declines, climate
forcing and ocean abundance of salmon and particularly Alaska
pink salmon, the latter is within local management control.
Across the Pacific Rim, ca. 5 billion hatchery salmon39 are
released into the North Pacific each year where they add to
already high abundances of wild pink, chum, and sockeye. While
signals of conspecific and interspecific competition are increas-
ingly evident38,40,54,55, managers currently lack tools to help
inform difficult decisions regarding hatchery releases. Tools that
quantify the apparent trade-offs between the releases of one
species and the impacts of size and productivity on conspecifics
and other species are urgently needed.
Our large-scale consideration of salmon body size extends and

generalizes previous findings, showing that body size declines are
ongoing and more widespread than previously reported. The
direct relationship between smaller salmon and economic and
social losses has not been estimated previously. Our conservative
calculations of the potential per-capita consequences of recent
body size declines show the ecological, economic, and social
losses could be substantial. We compared current size to a pre-
1990 baseline, but this captures only a small window of com-
mercial salmon fisheries in Alaska, which started in the late 1800s.
Size declines were observed long before 199017, and thus we
expect that analyses over longer time series would likely reveal
even more dramatic impacts. Despite widespread reporting of
body size declines across diverse taxa2,3, the ecological and
socioeconomic consequences of body size declines are under-
appreciated. Using Pacific salmon in one of the few remaining
intact, largely pristine salmon ecosystems on Earth as a test case,
we show the consequences for people and ecosystems could be
substantial.

Methods
Age-length (AL) datasets. Alaska Department of Fish & Game (ADF&G)
monitors the number, body size, sex, and age of Alaska salmon harvested in a
variety of fisheries and on their return breeding migration from the ocean to
freshwater. Age and body length (AL) data have been collected on mature adults
from commercial, subsistence, and sport harvests, escapement (spawning popula-
tion) projects, and test fisheries since the early 1900’s. ADF&G data has historically
been archived in regional offices; however, for this project we were able to compile
all available data from across the state (Supplementary Figs. S7–S10) into a single
dataset, representing over 14 million raw AL samples.

The majority of Alaska salmon fisheries target mature adults during their
breeding migration into freshwater. Data from commercial harvests represent the
largest proportion (57%) of measurements and are generally collected from marine
waters and near river mouths. Although many Alaska salmon fishing districts are
designed to operate as terminal fisheries, targeting fish destined for their river of
origin, even terminal fisheries can intercept salmon returning to other Alaskan
populations, and many other districts are non-terminal. Because most commercial
salmon fisheries in Alaska catch a combination of fish from the target stock and
intercepted fish returning to other populations, commercial samples often include a
mix of fish from different populations within a river drainage and outside the
drainage (e.g., Southeast Alaska troll fishery may be >80% non-local fish at times).
Commercial samples from some fisheries targeting wild salmon could include a
relatively low but unknown proportion of hatchery-origin salmon, which could not
be excluded from our analyses without individual-level information on origin
(hatchery or wild). Samples from escapement enumeration projects (sampling
projects that count the number of mature adults that ‘escape’ the fishery and return
to freshwater) make up the next highest proportion of AL measurements (33%).
Escapement projects collect AL data from fish sampled in the freshwater
environment, close to or on the spawning grounds, generally at counting towers,
weirs, or fences. A variety of other sampling project types (test fishing, subsistence
catch, sport catch) make up the remaining portion of these data, with no single
project type representing more than 5% of the samples. ADF&G recorded the name
of the sampling project, generally as the name of a given river (e.g., Fish Creek) or
district (e.g., Togiak District), which we refer to as sampling locations. To ensure as
much as possible that methods of data collection were consistent across locations
and species, we excluded data collected from projects other than commercial
harvest and escapement monitoring from statistical analyses.

Age and length (AL) measurements were collected by ADF&G personnel using
standard methods56. Briefly, fish length is collected to the nearest millimeter using
a measuring tape or a manual or electronic measuring board, depending on project
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and year. Fish age was most commonly estimated by ADF&G scientists reading
growth annuli on scales57. For many AL measurements, specimen sex was also
recorded, predominantly using external characteristics for sex determination. Sex
determination with external characteristics in ocean-phase fish is frequently
unreliable58. Because most of our data come from commercial harvests that occur
in ocean-phase fish prior to the development of obvious external secondary sexual
characteristics, we did not analyze the sexes separately. However, other studies
examining length at age with reliable sex determination have shown similar trends
in size and age for males and females33,59. As in Lewis et al.19, we assume our
results reflect similar trends in male and female salmon.

To ensure data were of high quality, a number of quality assurance checks were
established, and data failing those checks were excluded from analysis. These
checks include ensuring that ages and lengths were within reasonable bounds for
each species, that sample dates were reasonable, that data were not duplicated, and
that data were all of the same length measurement type (mid-eye to fork of tail).
Because mid-eye to fork length was by far the most commonly used length
measurement type (85% of samples) within the data, and the vast majority of
sample protocols use mid-eye to fork measurements, we assumed that observations
where no length measurement type was reported (0.08% of samples) were mid-eye
to fork. No other unique length measurement type accounts for more than 2% of
samples. We also excluded any samples that measured fewer than ten fish for a
given year/location combination. After these extensive checks, we were left with
measurements on over 12.5 million individual salmon.

A wide variety of gear types were used to collect samples. The three most
common gear types included gillnet, seine, and weir. Sampling methods within
projects did not change systematically over time; however, for at least some
projects, changes did occur, such as changes in gillnet mesh materials and sizes (for
commercial harvest60) or sampling location within a watershed (for escapement
projects). Some of these methodology changes are sporadically reflected in the data
(e.g., mesh size), whereas others are not included and difficult to capture (e.g., weir
location changes). Given the inconsistency in data and metadata associated with
these fine-scale methodology changes, and the spatial and temporal scale of this
dataset, changes in mesh size, gear type, or fine scale location changes (movement
of a project within the same river system) were not included in our analyses.

Consistency in salmon size declines. To quantify the spatial and temporal extent
of body size change, we estimated the average length of fish for each species in each
sampling location and return year (the year when the fish was caught or sampled
on its return migration to freshwater), which we interpret as putative biological
populations (henceforth referred to as populations). For each population, we
averaged these annual means to find the mean body length during a baseline period
before 1990 and recent period after 2010. The pre-1990 period included all data
collected before 1990, though relatively little data was available before 1980.
Comparing data from two discrete time periods avoids potential edge effects that
would be introduced in dividing a consecutive time series. Only populations for
which we had data in both periods were included (100 sockeye, 34 Chinook, 32
chum, and 13 coho salmon populations). We established a criterion of at least 3
years of data for each population during each time period for inclusion in this
analysis. Although somewhat arbitrary, we chose 1990 as the end of the early
period to ensure a large number of populations had sufficient data to be included,
while still being early enough to provide a meaningful baseline for comparison with
current data. Because our goal was to investigate trends experienced by resource
users in Alaska, we included data from some stocks that are known to capture
salmon that originated from areas other than Alaska. For example, estimates for
Chinook salmon from Southeast Alaska are likely influenced by the inclusion of
troll-caught Chinook salmon, which are largely composed of salmon originating
from British Columbia (B.C.) and the U.S. West Coast. For visualization, the results
of this analysis were then scaled up to the level of the fisheries management areas
established by ADF&G (Fig. 1).

To quantify and visualize continuous changes in body size across time, we fit
general additive models (GAMs) to annual mean population body length for each
species. To avoid convergence problems due to small sample sizes, data collected
before 1975 were excluded from this analysis. In contrast to previous studies that
assumed monotonic linear changes in size18,19, year was included as a nonlinear
smoothed term because preliminary analyses suggested that the rate of length
change varied through time. We included data from all populations for which
observations from five or more years were available (276 sockeye salmon
populations, 202 Chinook salmon populations, 183 chum salmon populations, 142
coho salmon populations). We knew a priori that salmon populations differ in
average body size, so to preserve original units (mm) while controlling for variation
in absolute body length among populations, we included two fixed factors:
population and region. We assigned regions based on terrestrial biomes and the
drainage areas of major watershed (shown numbered on Fig. 1, colored by ADF&G
management region). Repeating these GAMs on escapement data alone provided
equivalent results (Supplementary Fig. S11), which confirms that our results are not
due to an artifact of sampling procedures through time.

To visualize changes in age structure and size-at-age, we fit very similar GAMs
to age and length-at-age data. As above we included fixed effects for population
and region, as well as a nonlinear year effect. Using the same dataset as the
previously described GAMs, we used either mean freshwater age, mean saltwater
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age, or mean length-at-age as the response variable. For
separately fit GAMs for the four most common
coho salmon, for which sufficient data was

To determine the extent to which
across space within a species, we re-fit
effect by either a region-by-year or population-by-year interaction and compared
model fit using AIC. These nonlinear interactions allow regions or populations to
differ in their patterns of length change through time. These models are more data
intensive than the previous GAMs, so we included data from all populations for
which our time series consisted of any 20 or more years of data (123 sockeye
salmon populations, 37 Chinook salmon populations, 38 chum salmon
populations, 14 coho salmon populations).

Contributions of declining age versus growth. To partition the contribution of
changes in population age structure versus size-at-age to changes in mean popu-
lation length, we used the chain rule61. We used the discrete time analog of the
chain rule

Δ xy ð1Þð Þ ¼ yΔx þ xΔy;

and assume that change in mean length is a function of changes in population age
structure, p(a), and mean length-at-age, x(a). For each species and population, age
structure in year t was calculated as the proportion of individuals in each age a.
Mean length in year t is given by

¼ Σ ð Þa xtð Þa ; ð2Þxt apt

and the year-to-year change in length is given by

Δxt ¼ x tþ1ð Þ xt ¼ Σapt að Þxt að Þ þ Δpt að Þxt að Þ; ð3Þ
where

ptðaÞ ¼ 1=2 ptþ1ðaÞ þ ptðaÞ ; ð4Þ
and

ΔptðaÞ ¼ ptþ1ðaÞ� ptðaÞ : ð5Þ
Solving these formulas year-to-year for each species in each population, we

estimated the proportion of change in mean length due to changes in age structure
and size-at-age. We included all populations for which we had five or more years of
data (though change can only be estimated for consecutive years of data) and
averaged the results across populations in each region.

Causes of age and size changes. To identify potential causes of change in salmon
body size, we quantified associations with a variety of indices describing physical
and biological conditions in Alaska’s freshwater and marine salmon habitats. Each
candidate explanatory variable was selected based on existing biological hypotheses
or inclusion in previous analyses of salmon size or population dynamics.

We considered several ocean climate indicators as potential causes of change in
salmon size over time. Pacific Ocean conditions are often quantified using large-
scale climate indices such as the Pacific Decadal Oscillation (PDO), El Niño
Southern Oscillation (ENSO), and NPGO. These large-scale indices of ocean
conditions, as proxies for climate and marine environment, have been shown to
affect the survival and productivity of Pacific salmon in the North Pacific
Ocean62,63. PDO, NPGO64, and MEI65,66 indices were all accessed and downloaded
online (PDO, http://research.jisao.washington.edu/pdo/; NPGO, http://www.o3d.
org/npgo/npgo.php, accessed 2018-02-07; MEI, https://www.esrl.noaa.gov/psd/
enso/mei/, accessed 2018-02-08; MEIw, https://www.beringclimate.noaa.gov/,
accessed 2018-02-08). In this analysis, winter means of NPGO and MEI were used
in addition to an annual mean of MEI. Two ice cover metrics were also used to
capture ocean climate conditions. Bering Sea ice cover and retreat were
downloaded from https://www.beringclimate.noaa.gov/, originally derived from the
National Snow and Ice Data Center data. Bering Sea ice cover index represents the
winter anomaly, relative to 1981–2000 mean. Bering Sea ice retreat is an index
representing number of days with ice cover after March 15.

Sea surface temperature (SST) was also explored as a potential cause of the
changes in salmon size and age. SST has proven to be closely linked to salmon
productivity. Mueter et al.67 found that regional-scale SST predicted survival rates
better than large-scale climate indices such as the PDO. They concluded that
survival rates were largely driven by environmental conditions at regional spatial
scales. SST was extracted from the Extended Reconstructed Sea Surface
Temperature (ERSST) version 468. To approximate SST values close to the river
mouths which juvenile salmonids are most likely to experience after ocean entry, a
double layer of the grid cells tracing the coastline of Alaska were extracted and the
mean summer SST was calculated for each region.

Because in situ fluvial temperature measurements are sparse, both spatially and
temporally, compared to the coverage of the AL dataset, air temperature was used
as a proxy for temperature during the freshwater life stages. Air temperature data
were extracted and sorted from remote-sensed satellite observations into multi-
monthly regional means by season69.

Finally, we considered the potential for competition with other salmon to
influence salmon size by including the abundances of several highly abundant
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3salmon species as explanatory covariates. Using data compiled by Ruggerone and spline73, for which a broad zero-truncated prior distribution was defined:
Irvine39, we evaluated the abundance of adult pink, chum, and sockeye salmon

σ Normalð0; 10Þ½�0; : ð11Þreturning to Asia and North America as a proxy for the abundance of adult salmon s

of each species in the North Pacific. In addition, we also considered the more
localized abundance of pink, chum, and sockeye salmon returning to Alaska,
because salmon body size has been shown to vary with salmon abundance in the
year of return migration in some species70 at finer spatial scales. The abundances of
coho and Chinook salmon were not included, because they occur at much lower
abundance than sockeye, chum, and pink salmon.

We also explored marine mammal abundances as potential predictor variables,
but found that the data available precluded rigorous statistical comparison with our
time series of salmon size and age structure. For example, the only estimates of orca
abundance available for our study area (that from Southeast Alaska and Prince
William Sound) show steady, near monotonic increases through our study
period71,72. Statistically, this leads to insufficient replication and high collinearity
with year effects. Although caution is warranted in interpretations of any models
for which the assumptions are so obviously violated, we note that preliminary
analyses including marine mammal abundance were not dramatically superior in
terms of variance explained or model fit. Because of these limitations, we
determined that a reliable test of the effect of marine mammal predation was not
possible for Alaska.

Ultimately, we only selected covariates with an absolute correlation among
covariate time series of less than 0.61. By establishing this threshold for absolute
pairwise covariate correlation we sought to include only covariates for which
separate associations with salmon size could be identified. The final set of
covariates included in our analyses were: (1) ocean climate indicators (PDO,
NPGO, MEI, winter MEI (MEIw), and Bering Sea ice cover index); (2) sea surface
temperature (SST); (3) air temperature as proxy for freshwater temperature; and
(4) ocean salmon abundance (abundance of Alaska sockeye, pink, and chum
salmon, and North Pacific wide abundance of sockeye, pink, and chum salmon).

To test hypothesized associations between temporal trends in the average body
size (length) of salmon and environmental conditions, we fit a series of Bayesian
hierarchical models to data describing size trends across sampling locations for
each species. Because the chain rule analysis showed that changes in age structure
explained greater interannual body size variation than did changes in size-at-age,
we analyzed age-aggregated mean body length. Time series, starting in 1975, of
annual mean length by species for each sampling location (l) and environmental
covariates were mean-variance (Z) standardized prior to model fitting. Models of
the form

Li;t ¼ Σðβl;c Xt δc;c
Þ þ s tð Þ þ εl;t ; ð6Þ

c

were fit to each salmon species separately using Bayesian methods, where Ll,t is the
standardized length at each location (l) in each return or observation year (t), βl,c
are coefficients describing the effect of each covariate (c) on average length at each
location, and Xt is the standardized value of each covariate in each year. Theδ cc;

reference year for each covariate is specified relative to the return year, or year in
which salmon length compositions are observed (t), by a species and covariate-
specific offset δc that associates covariate effects with the hypothesized period of
interaction in each species’ life history (Supplementary Table S2). Location-specific
covariate effects are structured hierarchically such that parameters describing the
effect of each covariate on observed changes in average length were subject to a
normally-distributed prior whose hyperparameters (group-level means and
standard deviations for each covariate) were estimated directly from the data:

Normal μ ; τ2 ; ð7Þβl;c c c

This hierarchical structure permitted us to quantify both the average (group-
level) association between length observations at each sampling location (l) and
hypothesized covariates (i.e., the hyperparameter μc), and the level of among-
location variation in these effects (i.e., τ2). Prior distributions for model parametersc
were generally uninformative, with the exception of the prior on the group-level
mean covariate effects (μc) which included a mild penalty toward zero,

μ Normalð0; 1Þ: ð8Þc

The prior distribution of the group-level (hyper) standard deviation of covariate
effects was broad and truncated at zero,

τ Normalð0; 10Þ½�0; ; ð9Þc

allowing the model to freely estimate the appropriate level of among-location
variability in covariate effects.

Observation error was assumed to be normally distributed εl,t ~ Normal(0, σε2),
with a common observation error variance (σε2) estimated as a free parameter and
subject to a broad prior distribution

σε Normalð0; 10Þ½�0; : ð10Þ
Each species-specific model also included a smoothed nonlinear year effect s(t)

describing residual trends in length across time that were shared among sampling
(observation) locations but were not explained by the covariates. The degree of
nonlinearity for the univariate smooth s(t) quantifying the common residual trend
in length is controlled by the variance term (σs) for the coefficients forming the

Hierarchical Bayesian models describing the temporal trend in location-specific
salmon length were fit using the brms package73,74 in R (R Core Team 2018),
which generates posterior samples using the No U-Turn Sampler implemented in
the Stan software platform75. Three independent chains were run for 20,000
iterations with a 50% burn-in and saving every tenth posterior sample, resulting in
3000 posterior samples. Convergence of all chains was diagnosed by ensuring
potential scale reduction factors (R̂) for each parameter were <1.0576. The
sensitivity of model results to prior choice was evaluated by testing more and less
restrictive normally-distributed priors for the hyperparameters describing the
group-level average effect of each covariate (standard deviation 1.0 and 0.1);
estimated covariate effects were insensitive to prior choice.

The influence of harvest on body size was considered separately from that of
climate and competition. Reviews of fisheries-induced evolution have shown that
populations subject to higher harvest rates show greater magnitude trait change28,
thus we expected that if fisheries-induced evolution contributes to size change,
populations subjected on average to higher harvest rates should show greater
magnitude negative size change. To test this hypothesis, we estimated harvest rate
as a continuous variable for all populations with sufficient data.

Harvest rate was back-calculated from brood tables, which are datasets curated
by ADF&G for management purposes that include the number of offspring from
each brood year (year of birth) that return in each of the subsequent years (return
year). Brood tables are only available for the most intensively managed salmon
stocks. We were able to link brood table data to populations included in our AL
datasets for 25 sockeye salmon populations and three Chinook salmon populations.
Harvest rates were found from the literature for an additional five Chinook salmon
populations77–79. To calculate the total harvest in each population and year, we
subtracted escapement estimates from the overall estimate of returns (i.e., total run
size, or both fish that escaped and were harvested). Harvest rate was calculated as
the harvest divided by the estimated run size in each year, then averaged across the
time series for each population to obtain the average harvest rate experienced by
each salmon population. Averaging across the time series was deemed appropriate,
because previous studies from the few Alaska salmon fisheries with sufficient data
to consider harvest rate through time have shown that harvest rate is interannually
variable but relatively stable through time33,60. Estimates from before 1990 or after
2010 (for sockeye) or 2008 (for Chinook) were excluded due to incomplete data
availability. Each population for which both a brood table and AL data were
available had a long time series of AL data (at least 30 years), so body size change
was calculated by fitting a linear model of body length by year and extracting the
slope. We regressed change in body size (slope coefficient of length-year regression)
against population-specific harvest rate averaged through time (1990–2012), with a
fixed effect for species. A harvest rate by species interaction was included but
removed because it was not significant. P values were obtained from an ANOVA
with type II sum of squares.

Consequences of declining body size. To estimate the potential consequences of
salmon body size declines, we calculated the change in ecosystem services that
would be expected given the observed change in body length for several important
social, economic, and ecological roles filled by salmon in Alaska. For each species
and population, we calculated percent change in body size (body length, ΔL) from
pre-1990 to post-2010 using the same methods as described for Fig. 1. Specifically,
we calculated absolute change in body size as:

ΔL ¼ Mean lengthpost 2010 Mean lengthpre 1990; ð12Þ
and percent change in body size as:

Mean lengthpost 2010 Mean lengthpre
Percent size change ¼

Mean lengthpre 1990

1990
: ð13Þ

However, the magnitude of many of the ecosystem services we investigated vary
with salmon body mass, rather than directly with body length. To predict salmon
weight (W) based on body length (L), we fit a standard length–weight relationship
of the form W= a(L)b. Weight data were not available for most regions, so we
estimated the a and b parameters for each species by fitting the logarithmic
linearized version of this equation to high-quality datasets collected in Alaska for
each species (Supplementary Table S3). Using these species-specific length-weight
relationships, for each species and location, we calculated the change in weight
between 1990 and 2010 (ΔW) by finding the weight of an average post-2010
salmon and subtracting the weight of an average pre-1990 salmon. Detailed results
are presented in Supplementary Data 1–3.

To consider the ecological consequences of salmon body size change, we
focused on data collected by “escapement projects”. These projects usually sample
salmon in-river at a weir or counting tower as they migrate upstream onto
spawning grounds. For each location with sufficient data (three or more years in
each time window, before 1990 and after 2010), we estimated the ecological
consequences of salmon size decline as the change in marine-derived phosphorus
transported and the change in the number of eggs produced per fish. To calculate
change in phosphorus inputs, we modified previously-developed models for
anadromous fish nutrient loading to include only the import of nutrients into
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fresh waters by spawning adults80,81. We used a previously-estimated phosphorus
content for spawning adult salmon of 0.38% of wet weight80,81. We calculated the
difference in phosphorus content using the mean weight before 1990 versus after
2010. We ignored the effect of juvenile export on nutrient loading due to
insufficient data and because previous studies have found its effect to be negligible
unless adult biomass and escapement are extremely low81.

To calculate the change in female fecundity, we used fecundity–length
relationships to estimate the fecundity of the average female before 1990 and after
2010 and found the difference. We used published, species-specific
fecundity–length relationships estimated for populations within Alaska. Because
fecundity data were not available for all regions, we based these relationships on
high-quality datasets from representative populations within Alaska
(Supplementary Table S4).

To consider the economic consequences of body size change, we focused on
data sampled from commercial fisheries. For each location with sufficient data
(three or more years in each time window), we asked how much higher per-fish ex-
vessel prices would be if fish had not changed in size in the period between 1990
and 2010. That is, using current price-per-pound estimates, we compared the price
of two fish: one that weighed the same as an average fish post-2010 and one that
weighed the same as the average fish pre-1990. First, we identified the most recently
reported ex-vessel prices for each species and region82. For each species and region,
we then multiplied the weight of the average pre-1990 salmon by its corresponding
price-per-pound to calculate the average ex-vessel price for a pre-1990s salmon in
today’s market. This value was then subtracted from the average ex-vessel value of
a post-2010 salmon, calculated in the same way, to estimate the change in ex-vessel
per-capita salmon value due to salmon size change.

To consider the social consequences of size change, we focused on data from
salmon caught in subsistence fisheries. However, length measurements taken from
subsistence projects were rarely available before 1990. For this reason, we also
included data from salmon caught in commercial harvest, which are expected to
use the most similar gear types (i.e., gillnets) to subsistence harvest. For each
location with sufficient subsistence or commercial data (three or more years in each
time window), we modeled the social consequences of salmon size decline as the
change in nutrient content and total servings or meals per fish. First, we
determined the change in edible mass (M) of each fish by scaling according to
species-specific values for seafood processing recovery rates83. We assumed that
subsistence recovery rates are similar to the reported recovery rates for hand-
filleted skin-on fillets, which were 55% for Chinook salmon, 60% for chum salmon,
57% for coho salmon, and 53% for sockeye salmon. We expect fillets to be the most
commonly used salmon part but acknowledge that subsistence users could use
different body parts (including the head and eyes) and that true recovery rates will
likely vary among locations and users. We then calculated the nutrient value of the
average pre-1990 and post-2010 fish and calculated the change in nutrient value,
using species-specific nutritional ratios for protein (g), fat (g), and calories (kcal)
per 100 g serving84. We used nutritional ratios for raw fish (National Nutrient
Database for Standard Reference IDs: 15,078 for Chinook, 15,081 for coho, 15,085
for sockeye, and 15,079 for chum salmon). We also asked how many fewer 100 g
servings and how many fewer meals of salmon were available per fish. We assume a
standard serving size of 100 g, but note that many individuals will eat more than
one serving in a sitting. Because of this uncertainty in serving size, we also included
the change in meals by dividing M by the average self-reported estimates of portion
sizes of salmon (227 g for Chinook salmon, 165.5 g for chum salmon, 178 g for
coho salmon, and 163.5 g for sockeye salmon) from subsistence users in the nearby
villages of Old Crow and Teslin, Yukon Territory, Canada85.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Our data have been publicly archived on the Knowledge Network for Biocomplexity
(KNB): Jeanette Clark, Rich Brenner, and Bert Lewis. 2018. Compiled age, sex, and length
data for Alaskan salmon, 1922–2017. Knowledge Network for Biocomplexity. https://doi.
org/10.5063/F1707ZTM. Krista B Oke, Curry Cunningham, and Peter Westley. 2020.
Collated dataset of covariates that could influence body size of Alaska salmon.
Knowledge Network for Biocomplexity. https://doi.org/10.5063/F1N29V9T. In addition,
we used publically available data from the following sources: US Department of
Agriculture (USDA), Agricultural Research Service Laboratory. USDA National Nutrient
Database for Standard Reference, Legacy Version. Available at: http://www.ars.usda.gov/
nutrientdata. Alaska Department of Fish and Game. Commercial Salmon Fishery
Exvessel Prices by Area and Species (2018). Available at: https://www.adfg.alaska.gov/
index.cfm?adfg=commercialbyfisherysalmon.salmoncatch_exvessel (Accessed: 2018-04-
23). Kibele, J. & Jones, L. Historic air temperatures in Alaska for 1901–2015, with spatial
subsetting by region. (2017). https://doi.org/10.5063/F1RX997V. Huang, B. et al.
Extended Reconstructed Sea Surface Temperature (ERSST), Version 4. Accessed on April
16, 2018 (2015). https://doi.org/10.7289/V5KD1VVF. Di Lorenzo et al., 2008: North
Pacific Gyre Oscillation links ocean climate and ecosystem change, GRL. Available at:
http://www.o3d.org/npgo/npgo.php (Accessed: 2018-02-08). NOAA, Multivariate ENSO
Index. Available at: https://www.esrl.noaa.gov/psd/enso/mei/ (Accessed: 2018-02-
08). JISAO, Pacific Decadal Oscillation (PDO). Available at: http://www.research.jisao.

3washington.edu/pdo/ (Accessed: 2018-02-08). NOAA, Bering Sea Ice Cover Index.
Available at: beringclimate.noaa.gov (Accessed: 2018-02-08). NOAA, Winter
Multivariate ENSO Index. Available at: https://www.beringclimate.noaa.gov/data/
BCresult.php (Accessed: 2018-02-08).
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Code has been archived publicly and is available at: https://github.com/KristaOke/
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 Will different salmon species adapt before the climate votes them off the island? 

July 2021 article 
Which salmon do we prefer? 
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 Profit, Genetic Diversity Loss, and BC's Salmon Collapse 

Alaska follows this pattern 

https://watershedsentinel.ca/articles/profit-genetic-diversity-loss-and-

bcs-salmon-collapse/?mc_cid=e71f8202ec&mc_eid=fa4ff75642

"The reality is that the collapse of west coast salmon lies in the collapse of wild salmon 
genetics. Notwithstanding the good intentions of DFO’s “Wild Salmon Policy,” 
the vast majority of BC salmon are now largely hatchery stock, and little attention 
is given to the importance of a largely-lost diversity of small populations. 
The DFO strategy is intended to maintain the diversity of “the stock” – the fisheries 
stock (not the “populations”) – while continuing to make it available as an economic 
resource. In other words, the economy continues to be the priority and conservation 
pays the piper. 

What this leads to has been spelled out by H.H. Price in a January 2021 study3 on the 
collapse of population and wild genetic diversity in Skeena sockeye. Based on long-
term data from 1912 onwards, what is reported is that one population, the Babine 
population, which consists mainly of hatchery stock, now makes up 91% of returns in 
the Skeena fishery. 

With many smaller populations having been extirpated, abundance has contracted 
throughout the entire watershed and population diversity has declined by 70%. Life 
histories needed to respond to changes in ocean conditions have shifted or 
disappeared. The return of wild salmon is 31% of historic numbers – and as we know 
from standard fisheries modeling, 30% is the critical limit at which fisheries should be 
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1. Population and life-history diversity can buffer species from environmental vari-
ability and contribute to long-term stability through differing responses to varying 
conditions akin to the stabilizing effect of asset diversity on financial portfolios. 
While it is well known that many salmon populations have declined in abundance 
over the last century, we understand less about how different dimensions of di-
versity may have shifted. Specifically, how has diminished wild abundance and 
increased artificial production (i.e. enhancement) changed portfolios of salmon 
populations, and how might such change influence fisheries and ecosystems? 

2. We apply modern genetic tools to century-old sockeye salmon Oncorhynchus 
nerka scales from Canada's Skeena River watershed to (a) reconstruct historical 

(b) quantify changes in population and life-history diversity and the role of en-
hancement in population dynamics, and (c) quantify the risk to fisheries and local 
ecosystems resulting from observed changes in diversity and enhancement. 

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

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

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

J Appl Ecol. 2021;00:1–10. wileyonlinelibrary.com/journal/jpe 
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The conservation of common species often is poorly aligned with 
extinction-focused assessments (Gregory et al., 2005). For example, 
roughly 95% of the loss in abundance among the world's birds derives 
from <10% of species, and the vast majority of these are assessed 
as least concern by the International Union for the Conservation 

characteristics and population processes within and among popu-

global biodiversity assessments typically are species focused (e.g. 
Maxwell et al., 2016); such emphasis can substantially underesti-

and diversity within populations are important conservation assets 
independent of global extinction risk (Balmford et al., 2003). Indeed, 
abundant species and their diverse populations disproportionately 

Biodiversity has many dimensions that contribute multiple bene-

is that it helps stabilize ecosystem processes and functions, thereby 
bestowing resilience to environmental change. Such stability can 
arise through portfolio effects, where the aggregation of asynchro-

(a) richness—the number of species or populations in the system, (b) 
evenness—the proportional distribution of abundance or mass among 
the units (e.g. populations) of biodiversity and (c) asynchrony—the 
different responses of biodiversity to environmental forcing through 

asynchrony in sockeye salmon Oncorhynchus nerka that, in turn, sta-
bilize commercial fishery catches (Schindler et al., 2010). There also 
is a growing appreciation of diversity among individuals, which can 
contribute to population-level resilience. For example, a diversity 
of life histories (e.g. different ages-at-maturity) within a population 
can spread risk across the demographic structure of that population, 
thereby buffering it from environmental variation over time (Greene 

-
versity can further influence the beneficial extent of that diversity, 
such as the degree to which consumers can access consistent prey 

Moore, 2016). Thus, understanding the potential long-term shifts 
in the dimensions of biodiversity is a key frontier for conservation 
science. 

Pacific salmon Oncorhynchus spp. are common and abundant 
species with substantial population and life-history diversity (Groot 

salmon have been undergoing major shifts in the dimensions of their 

diversity due to human activities. Most apparent is the decline in 
abundance and extinction of many populations in southern por-
tions of their range resulting from habitat loss and over-exploitation 

abundance, artificial production (i.e. enhancement) programmes— 
such as hatcheries and spawning channels—have increasingly been 
initiated. This enhancement may increase abundances for some 

further erode wild salmon abundances through competition in 
the ocean (Connors et al., 2020) or the subsidization of fisheries 

(Oke et al., 2020). While several studies have documented shifts in 
dimensions of salmon diversity over the last several decades (e.g. 

challenge to understand potential changes over longer periods, such 
as the last century of major human impacts. 

Here, we study Canada's Skeena River watershed to ask: how has 
sockeye salmon diversity changed over the last century of enhance-
ment and other human activities (e.g. fishing and habitat alteration) 
and how might such change affect current fisheries and ecosystems? 
We use modern genetic tools with century-old fish scales to (a) re-

time period to compare with contemporary information, (b) quantify 
changes in population and life-history diversity and the role of en-
hancement in population dynamics, and (c) quantify the risk to fish-
eries resulting from observed changes in diversity and enhancement. 
Our results demonstrate substantial loss in abundance and diversity 
of wild sockeye populations over the last century. While enhancement 
has offset declines in wild populations and maintained aggregate 
abundances—which underpins the Skeena commercial fishery—loss 
in abundance from wild populations undermines food security and 
ecosystem provisions throughout much of the watershed. 

|

The Skeena watershed is composed of 31 sockeye Conservation 

population complexes (Price et al., 2019; Figure 1; hereafter re-
ferred to as populations). Commercial fishing for sockeye began at 

collection programme began in 1912. We sampled scales from 35 
to 50 fish from the collection for each of nine fishing weeks from 
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Skeena River watershed and sockeye salmon population abundances. Inset: Skeena River watershed showing locations of each 
sockeye salmon population complex (numbers 1–13) identified in genetic analyses, with associated nursery lakes (in red), and approximate 
location of historical scale sample collection and current Skeena Tyee Test Fishery (white-filled red star). Border: estimated population 

confidence intervals 

in some weeks. Because these omissions likely were due to low 
availability of fish to fisheries, we consider the implications to our 
analyses negligible. We digitally photographed one scale per fish, 

extracted from scales, genotyped at up to 12 microsatellite loci, 
and individuals were assigned to population via genetic stock iden-

collections and therefore exempt from Simon Fraser University's 

plus spawning fish, which throughout we refer to as abundance) of 
sockeye at the population level in a four-step process (Figure S1; Price 
et al., 2019), which included three year- and week-specific data inputs: 
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Skeena cannery and fishery data. (b) Daily counts of sockeye entering 

nine fishing weeks equivalent to the historical scale-sampling peri-
ods. (c) Weekly proportions of Skeena-origin populations identified 
in scales. Briefly, with these data, we randomly drew from one of the 

historical year's aggregate abundance, then multiplied these weekly 
abundances by population proportions, and summed population 
abundances across weeks. We repeated these steps 50,000 times, 
and then derived a median abundance estimate for each population 
for each historical year. 

-
tailed in our Supporting Information. Major enhancement projects 

Babine population, we combined annual abundance estimates for 

were derived from run-reconstructions detailed in the citations 

-
ulation, we substituted years 2002–2009 (pre-enhancement) for 

enhanced contributions for the latter years, which greatly increased 

We quantified the spatial contraction of population abundance 
throughout the Skeena watershed, and the potential loss of fish 
available to in-river fisheries and wildlife. This required estimates 
of in-river abundance for each population for the two time peri-

catch from our reconstructed historical abundance estimates) and 
-

enhanced fish combined)]. We then compared the change in in-river 
abundance between time periods for each population (tributary sys-
tem), and each main-stem section of the Skeena River between pop-
ulations, by subtracting each population's abundance downstream 
of each main-stem river section from the total in-river abundance. 

We used several sources of age-at-maturity data depending on 
our question. For example, we used age data from fish (aggregate 
of populations) caught in commercial fisheries, as reported in an-
nual fisheries reports for the years 1916–1956 (Province of British 

and age-at-maturity. We used data from fish (identified to popula-

the Tyee Test Fishery for 2000–2013 to estimate changes in age 
traits within populations, and to explore the strength of salmon 
portfolios during various time periods. Because sockeye returning 

linen gill-nets in commercial fisheries, we applied a correction factor 
to historical age data based on the selectivity of sockeye captured 
during the modern era by gill-nets in the Tyee Test Fishery to more 
accurately characterize the historical proportion of ages-at-maturity 

-
pressions (i.e. age traits), we use the European designation where the 
first number denotes the years spent in freshwater, and the second 
number denotes the years in the ocean (e.g. 1.2 represents 1 year in 
freshwater and 2 years in the ocean, and 1.x represents fish spend-
ing 1 year in freshwater and any number of years in the ocean). 

We quantified the extent to which diversity among populations 
in abundance and life history has changed over time (historical ver-
sus modern era). Specifically, we calculated Pielou's Evenness, E, as a 
measure of diversity each year: 

E = H∕lnS (1) 

where S is the number of populations (n = 13) or age traits (n = 

H is the Shannon diversity index: 

S∑
H = − pilnpi (2) 

i−1

where p is the proportional contribution of group i such that 
∑

Spi = 1
i

(Oksanen et al., 2019). Evenness is bounded between 0 and 1, with 
1 being a completely even distribution among populations (S). To ex-

population- and age-diversity, we calculated evenness separately using 
‘wild-only’ and ‘total’ (enhanced plus wild) abundances; these abun-
dances were applied separately to age-trait proportions to generate 
annual estimates of each age trait before calculating evenness. 

We explored whether the strength of salmon portfolios in the 
Skeena has changed over time by calculating portfolio effect for 

-
pared the coefficient of variation (CV; defined as the ratio of the 
standard deviation to the mean) for the Skeena sockeye complex as 
a whole (i.e. meta-population CV) to the arithmetic mean CV for in-
dividual component population abundances and age traits (i.e. average 

be comparable with the eight data-years of 1913–1923; Ecstall and 
Motase populations were excluded due to lack of recent data. 

With these data, we then quantified the individual and combined 
consequences of (a) portfolio effects, (b) population abundances, and 
(c) enhancement, on the probability of commercial fishery closures for 

commercial fishery openings for Skeena sockeye currently are based on 
an aggregate abundance target of 1.05 million fish (900,000 spawning 
escapement plus 150,000 for Indigenous fisheries; DFO, 2003), below 
which the mixed-stock commercial fishery is closed. We simulated 
annual pre-fisheries abundances of wild sockeye in each time period 
by drawing from a log-normal distribution with a bias-corrected mean 
and standard deviation (i.e. CV, equal either to the meta-population CV 
or average CV). We repeated this for each time period across 10,000 
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Monte Carlo trials, and then calculated the proportion of trials where 
system-wide abundance fell below the aggregate abundance thresh-
old of 1.05 million fish. For the recent period, we simulated wild-only 
and total (wild plus enhanced fish combined) abundances separately 
to quantify the degree to which enhancement may influence the prob-

-
nores the potential confounding effects of forecast error and changes 
in exploitation on subsequent population dynamics. 

R (R Core Team, 2020) using the 
BOOT, ECOFOLIO, and VEGAN packages. 

| 

The total number of wild adult sockeye returning to the Skeena 
River during the modern era is 69% lower than during the historical 

-
dian = 

-
creased, but then declined over the modern era. For example, the 

-
bined with wild fish, Babine now accounts for 91% of all sockeye 
returning to the Skeena watershed (Figure 2a). 

Skeena sockeye currently exhibit the 10 age traits identified 
in scales collected one century ago, of which 99% are one of four 

sockeye salmon population and life-
history diversity. (a) Percentage of 
population abundances, where Other 
combines all populations except Babine. 
(b) Percentage of the four dominant age 
traits. (c) Percentage of juveniles that 
emigrated to the ocean after 1 year in 
freshwater; blue and red circles denote 
wild fish, and wild and enhanced fish 
combined, respectively (i.e. for the years 
since enhancement began, data for each 
year are shown twice: once for wild 
fish, and once for wild and enhanced 
fish combined). Information gaps (white 
bars) differ in plots a and b because the 
data are derived from different sources 
(a: historical scale collection; b: annual 
government fishery reports) 

Journal of Applied Ecology |

dominant freshwater/ocean ages: 1.2, 1.3, 2.2, or 2.3 (Figure 2b;

reared in freshwater lakes for 3 years and returned to spawn after 
either 2 (3.2) or 3 (3.3) years in the ocean—were not among those 
caught in historical fisheries. While the average age (freshwater plus 
ocean) of populations has not changed, there has been a shift in age 
composition. For example, the proportion of wild fish with the x.3 

spent 3 years in the ocean, and the proportion of fish in a given year 
migrating to the ocean after one freshwater year increased from 

Individual contributions of wild populations to aggregate abun-
dances have greatly diminished. For example, mean evenness of wild 
population contributions to overall abundances declined by 35% 

enhanced fish are combined with wild fish, the decline over the last 
century is even greater (evenness = 

total decline; Figure 3a). The evenness of age traits declined by 19% 

Figure 3b). 
The extent to which the population portfolio dampened inter-

annual variation in abundance has eroded over the last century. For 
example, portfolio strength during 1913–1923 resulted in aggregate 

been composed of a single population with homogeneous dynam-

-
ulation diversity for stabilizing returns have largely disappeared in 

(a)

(b)

(c)
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(a)

(b)

sockeye salmon diversity. (a) Evenness in 
abundance across individual populations. 
(b) Evenness in age traits across 
aggregated populations. Blue and red 
circles denote wild fish, and wild and 
enhanced fish combined, respectively (i.e. 
for the years since enhancement began, 
data for each year are shown twice: 
once for wild fish, and once for wild and 
enhanced fish combined) 

(a) (b)

(c)

Changes in sockeye salmon population diversity and their influence on fisheries and ecosystems. (a) Portfolio effect: each 
red- filled circle represents the coefficient of variation (CV) of abundance (wild and enhanced combined) across years for each time period 
as a function of the proportional contribution of each population to total returns; numbers correspond to Figure 1. Shown within green bar 
is the estimated CV based on the average of the CVs of the different populations (dark- blue circle), and the measured meta- population CV 
of the entire Skeena sockeye complex (filled light- blue circle). The difference between the estimated and measured CV is a measure of the 
magnitude of reduction in variation due to the portfolio effect. (b) Simulated abundance and risk of commercial fishery closures for each 
time period assuming either the average CV (dark blue) or meta- population CV (light blue). Red solid line is the aggregate abundance target 
of 1.05 million, above which the commercial fishery begins. Values below each distribution are the percentage of simulation trials that were 
below the abundance target. (c) Change in in- river sockeye abundance (number of fish in the Skeena River and tributaries after marine and 
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the Skeena sockeye complex lacked the dampening effects that pop-
ulation diversity provides (i.e. using average versus meta-population 

time (a 55% increase compared to a diverse system) during the 1913– 

-
hanced sockeye production has effectively replaced the loss in wild 
fish and sustained commercial fisheries. 

Finally, the observed changes in abundance are associated with 
spatial contraction of sockeye abundance throughout the Skeena 
watershed. Specifically, wild populations have undergone major de-

-

primarily in one major tributary (Babine) and the main-stem river 
downstream of Babine. 

|

Conserving a diversity of populations and their varied life histories 
can help buffer ecosystems from environmental change (Schindler 
et al., 2015). We applied modern genetic tools to century-old fish 
scales to reveal substantial loss in abundance and biodiversity of 
wild sockeye populations over the last 100 years for Canada's sec-
ond largest salmon watershed, the Skeena River. While artificial en-
hancement has returned aggregate abundances to historical levels, 
declines in abundance across wild populations have increased the 
dependency of fisheries on enhanced fish, potentially widening 
the trade-off between exploitation and conservation of diversity 

the Skeena has lost much of the stabilizing portfolio effects that 
population diversity had provided a century ago. Furthermore, there 
has been a spatial contraction in abundance throughout the water-
shed, which likely decreases the provisioning of salmon to local eco-
systems and Indigenous fisheries. 

they were a century ago, but such enhancement may compromise 
diversity across the watershed. While the abundance of all wild 
sockeye populations in the Skeena now is substantially lower than 
during the historical era, some populations—such as Babine—had 

-
nual total sockeye returns to 99% of the estimated abundance of 
one century ago, which has renewed opportunities for commercial 

main-stem river downstream. Despite these benefits to fisheries, 
enhanced production may impact wild Skeena populations in at least 
four ways: (a) Pathogen transfer from enhanced to wild fish could 
decrease survival. While there historically have been disease out-

-
ments may have decreased these risks. (b) Straying of enhanced fish 

Journal of Applied Ecology |

may erode local adaptations in wild populations due to introgression 

river-of-origin, and different Skeena populations remain genetically 

spawning streams within the Babine system given the close proxim-
ity of spawning channels to neighbouring wild streams. (c) Enhanced 

is no evidence that the production of enhanced sockeye has re-

Enhanced fish could elevate mortality of wild fish as a result of their 
incidental capture in mixed-stock fisheries targeting enhanced fish 

thought to have exacerbated the trade-off between mixed-stock 
fisheries catch and the protection of wild population diversity in the 

likely were over-exploited in the decades immediately following 
spawning channel development due to their co-migration with en-

sustainable for some wild populations. Thus, the degree to which 
enhancement now compromises sockeye diversity in the Skeena re-
mains unclear. 

historical era, though there have been notable shifts in age composi-
tion. Sockeye in the Skeena currently display all age traits identified 
in scales that were collected one century ago, which may indi-
cate the persistence of diverse habitats in the watershed (Waples 

with an increase (from 36% to 51%) in the proportion of fish that 
rear in the ocean for 3 years. Similar increases have been reported 
for sockeye from the Fraser River and Bristol Bay over the recent 

in freshwater are thought to contribute to these trends. Our data 
also show that Skeena sockeye now spend less time in freshwater 

2 years). While the reduced duration of freshwater residency across 
wild populations may be influenced by increasing lake temperatures 

fish is further increasing the overall prevalence of this life history 

now emigrate to the ocean in the same year—increases the risk that 
an entire cohort will encounter unfavourable conditions (e.g. Moore 

complex to future environmental change. 
Portfolio effects have largely eroded in the Skeena over the 

last century. Had the dynamics of the Skeena sockeye complex a 
century ago been characterized by the most simplified population 

more temporally variable than was observed. This strength in port-
folio is similar to the Bristol Bay sockeye complex, which hosts hun-
dreds of populations from largely undisturbed habitat, and does not 
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portfolio strength in the Skeena had been reduced by one-third, 

if it had been composed of a single population. In recent years, the 
benefits of population diversity have nearly disappeared (i.e. aggre-
gate returns now are only 10% more stable). Degraded portfolio 
performance is correlated negatively with anthropogenic impact on 

However, even in a recently collapsed Chinook salmon Oncorhynchus 
tshawytscha system with extensive habitat degradation—where en-
hancement is thought to have significantly weakened the portfolio 

inherent challenge in comparing across species. While enhance-
ment has simplified the Skeena portfolio by tripling the abundance 
of sockeye returning to a single population since 2010—removal of 
enhanced fish from the analyses increased portfolio strength by a 
factor of five—declines in portfolio strength since the 1913–1923 
period also were influenced by increased population synchrony 

-
quence of the portfolio simplification is that commercial fisheries 
now depend on a single population that is largely composed of en-
hanced fish, whereas a diversity of populations sustained fisheries 
historically. 

variability of aggregate abundances. However, sockeye returns to 
the Skeena now are as stable as they were during the historical 
era despite a weakened portfolio. Such reduced variability may be 
because the aggregate's variability now is primarily influenced by 
a single population whose annual production is at least in part sta-
bilized by artificial enhancement. While variability in population 
abundances also has decreased over the recent period, an inher-
ent challenge in measuring change over long time periods such as 
ours is the different data collection methods used between eras. 
We used an admittedly coarse method to quantify population 
abundance during the historical era compared to higher precision 
methods of the modern era, which may inflate declines in portfo-
lio strength between periods. However, when we compared the 
variability of populations between periods using genetic (rather 
than abundance) data, population variability remained lowest in 
the modern era (i.e. populations now are more stable than during 

populations in the Skeena have become more synchronized with 
one another, all but one (Babine) are at low levels of abundance, 
and perhaps are responding similarly to a low productivity phase 
that could be the result of reduced response diversity of these 
populations. Thus, despite the relative stability of sockeye returns 
to the Skeena over the recent period, the weakened portfolio may 
compromise its resilience to larger perturbations in the future. 

The erosion of diversity in the Skeena is further expressed in 
the spatial contraction of salmon abundance throughout the wa-
tershed. Wild sockeye abundance has declined in all tributaries and 

headwater regions since the historical era, which—according to oral 
accounts—has compromised food security for Indigenous Peoples 
that rely upon these areas for subsistence fisheries (Cleveland 

-
utaries are important corridors that provision salmon resources to 
local ecosystems. Such loss in abundance likely constrains foraging 
opportunities for wildlife dependent on salmon (Deacy et al., 2016), 
and lessens the overall delivery of salmon-derived nutrients to eco-
systems (Gende et al., 2002), which can affect a large number of 
species (Walsh et al., 2020). 

Our reconstruction of century-old portfolio performance pro-
vides a baseline for the recovery of a diminished watershed complex. 
Modern conservation policies for salmon, such as Canada's Policy for 
the Conservation of Wild Pacific Salmon, strive to maintain a diver-
sity of populations (DFO, 2005). If the goal of fisheries management 
is to catch abundant channel-enhanced fish while conserving wild 
populations, increasing selectivity by moving a larger proportion 
of the fishery in-river and to terminal locations likely will improve 
conservation, though it may result in reduced catches (Freshwater 
et al., 2020). Prioritizing the rebuilding of wild salmon populations 
could mitigate such trade-offs, help increase fishing opportunities 
for Indigenous peoples that rely on wild populations and strengthen 
the sockeye portfolio within this now simplified watershed. 

Our study provides a rare example of the extent of erosion of 
within-species biodiversity over a century of human influence. While 
the enhancement of salmon supports commercial fisheries, loss in 
abundance and diversity from wild populations has reduced the 
provisioning of salmon to local ecosystems and Indigenous fisher-
ies throughout the watershed. What may be underappreciated is the 
lost stabilizing portfolio effects that this watershed complex hosted 
a century ago, which ultimately may weaken its resilience to increas-
ingly variable environments. Conserving a diversity of abundant wild 
populations and their varied life histories—that is, maintaining func-
tioning portfolios—may help ensure that watershed complexes like 
the Skeena are robust to global change. 
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