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ONE-PAGE SUMMARY

» The stock assessment model for 2020 is similar in strud¢tutbe 2019 model. It is fit to
an acoustic survey index of abundance, annual commerda@l data, and age-composition
data from the survey and commercial fisheries.

 Structural changes from 2019 involve a new prior distitoutor the parameters that weight
the age-composition data, removal of the constraint thithated recruitment deviations
must sum to zero, and using the average of the most recentdars yrather than all years)
of weight-at-age data for calculating forecasts.

» Updates to the data include: the biomass estimate andaygpesition data from the acous-
tic survey conducted in 2019, fishery catch and age-compnogiata from 2019, weight-at-
age data for 2019, and minor changes to pre-2019 data.

» Coast-wide catch in 2019 was the third largest on recordLaf283 t [t represents metric
tons], out of a Total Allowable Catch (adjusted for carryyeof 597,500 t. Attainment
in the U.S. was 71.8% of its quota (down 0.3% from last yedtgimment in Canada was
60.4% (down 0.7% from last year).

» The median estimate of the 2020 relative spawning bionfassale spawning biomass at
the start of 2020 divided by that at unfished equilibrilg), is 65% but is highly uncertain
(with 95% credible interval from 31% to 129%). The mediaratee spawning biomass
reached a historical low of 33% in 2010, increased due tcelagjimated 2010 and 2014
cohorts, and has gradually declined since 2017 during agefirecord catches.

* The median estimate of female spawning biomass at the @ft@®20 is 1.196 million t
(with 95% credible interval from 0.550 to 2.508 million t)hiE is a decrease from the 2019
median of 1.379 million t (with 95% credible interval 0.736706 million t).

» The estimated probability that spawning biomass at theé@t2020 is below thd&4q9, (40%
of Bp) reference point is 9.9%, and the probability that the neddishing intensity is above
its target at the end of 2019 is 8.4%. The joint probabilitypoth these occurring is 4.3%.

» Based on the default harvest rule, the estimated mediah diatit for 2020 is 666,458 t
(with 95% credible interval from 258,675 to 1,588,947 t).

» Projections are highly uncertain due to uncertainty innestes of recruitment for recent
years and, thus, were conducted across a range of catch.|&rejections setting the 2020
and 2021 catch equal to the 2019 Total Allowable Catch of H3¥t show the estimated
median spawning biomass decreasing from 65%8gah 2020 to 47% oBgp in 2021 and to
34% ofBg in 2022, with a 60% chance of the spawning biomass fallingw&,qe, in 2022.
There is an estimated 97% chance of the spawning biomassidgdrom 2020 to 2021 and
an 87% chance of it declining from 2021 to 2022 under this taoridevel of catch.
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EXECUTIVE SUMMARY

STOCK

This assessment reports the status of the coastal Pacifee (daRacific whitingMerluccius pro-
ductug resource off the west coast of the United States and Candlda start of 2020. This stock
exhibits seasonal migratory behavior, ranging from offshand generally southern waters dur-
ing the winter spawning season to coastal areas betwedmenoi€alifornia and northern British
Columbia during the spring, summer, and fall when the fisieecpnducted. In years with warmer
water the stock tends to move farther to the north during timenser. Older hake tend to migrate
farther north than younger fish in all years, with catche©iew@anadian zone typically consisting
of fish greater than four years old. Separate, and much syadlpulations of hake occurring in
the major inlets of the northeast Pacific Ocean, includimgStrait of Georgia, Puget Sound, and
the Gulf of California, are not included in this analysis.

CATCHES

Coast-wide fishery Pacific Hake landings averaged 237,383t 1966 to 2019, with a low of
89,930 t in 1980 and a peak of 440,950 t in 2017 (Figa)rePrior to 1966, total removals were
negligible compared to the modern fishery. Over the earlyodef1966—1990) most removals
were from foreign or joint-venture fisheries, and catch i&.UWvaters averaged 179,652 t, (76.1%
of the total catch) while catch from Canadian waters avetdge682 t. Over the last 10 years,
2010-2019 (Table), the average coast-wide catch was 309,955 t with U.S. anddian catches

B U.S. Joint-Venture B Canada Freezer-Trawler H U.S. Shore-Based

B U.S. Foreign B Canada Shoreside B U.S. Catcher-Processor
B Canada Joint-Venture B U.S. Mothership

B Canada Foreign

400
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Catch (thousand t)

1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018
Year

Figure a. Total Pacific Hake catch used in the assessment by sectd@-2069. U.S. tribal catches are
included in the sectors where they are represented. CPcisesgirocessor and MS is mothership.
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Table a. Recent commercial fishery catch (t). Tribal catches araidezd in the sector totals. Research catch
includes landed catch associated with certain reseatatedeactivities. Catch associated with surveys and

discarded bycatch in fisheries not targeting hake are notctly included in the table or model.

us us us Us CAN CAN CAN
Year Mother-  Catcher- Shore- R Joint- Shore-  Freezer Total

h esearch Total ) Total

ship processor  based Venture side  Trawlers
2010 52,022 54,284 64,736 0 171,043 8,081 35,362 13,573 167,228,059
2011 56,394 71,678 102,146 1,042 231,261 9,717 31,760 44,586,073 287,334
2012 38,512 55,264 65,919 448 160,144 0 32,147 14,912 47,08%7,203
2013 52,470 77,950 102,141 1,018 233,578 0 33,665 18,58424%2, 285,828
2014 62,102 103,203 98,640 197 264,141 0 13,326 21,792 85,1299,259
2015 27,665 68,484 58,011 0 154,160 0 16,775 22,909 39,6843,8449
2016 65,036 108,786 87,760 745 262,327 0 35,012 34,731 39,73B82,070
2017 66,428 136,960 150,841 0 354,229 5,608 43,427 37,68672B6 440,950
2018 67,121 116,073 135,112 0 318,306 2,724 50,747 41,94241®5 413,719
2019 52,646 116,146 148,211 0 317,003 0 50,330 43,950 94,2801,283

averaging 246,619 t and 63,336 t, respectively. The coas-vatch in 2019 was 411,283 t, out
of a total allowable catch (TAC, adjusted for carryoversp®7,500 t. Attainment in the U.S. was
71.8% of its quota and in Canada it was 60.4%.

In this stock assessment, the terms catch and landings adeinterchangeably. Estimates of
discard within the target fishery are included, but diseagdif Pacific Hake in non-target fisheries
is not. Discard from all fisheries, including those that do taoget hake, is estimated to be less
than 1% of landings in recent years. During the last five yezatches were above the long-term
average catch (237,334 t) in 2016, 2017, 2018, and 2019(lastthree years being the highest
catches on record) and below it in 2015. Landings betweed 20d 2008 were predominantly
comprised of fish from the very large 1999 year class, witlctimaulative removal (through 2019)
from that cohort estimated at approximately 1.29 milliomhrough 2019, the total catch of the
2010, 2014, and 2016 year classes is estimated to be abduirillion t, 0.51 million t, and
0.17 million t, respectively.

DATA AND ASSESSMENT

This Joint Technical Committee (JTC) assessment depemdarily on the fishery landings (1966—
2019), acoustic survey biomass indices (Figorand age compositions (1995-2019), as well as
fishery age compositions (1975-2019). The 2011 survey indkie was the lowest in the time
series and was followed by the index increasing in 2012, 2848 2015; the 2019 estimate is the
fourth highest of the series. Age-composition data fromaggregated fisheries and the acous-
tic survey provide data that facilitates estimating re&attohort strength, i.e., strong and weak
cohorts.

The assessment uses a Bayesian estimation approachivégresitalyses, and retrospective in-

vestigations to evaluate the potential consequences afrer uncertainty, alternative structural
models, and historical performance of the assessment nredpkectively. The Bayesian approach
combines prior knowledge about natural mortality, stoe&ruitment steepness (a parameter for
stock productivity), and several other parameters, whhlihoods for acoustic survey biomass

Pacific Hake assessment 2020 7 Executive summary
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Figure b. Acoustic survey biomass indices (millions of tons). Appmoate 95% confidence intervals
are based on sampling variability (intervals without sé¢nadte apportionment uncertainty in 2009 are
displayed in black). See Table for values used in the base model.

indices, acoustic survey age-composition data, and fislhgeycomposition data. Integrating the
joint posterior distribution over model parameters (via Markov chain Monte Carlo algorithm)
provides probabilistic inferences about uncertain modehmeters and forecasts derived from
those parameters. Sensitivity analyses are used to igafigfrnative model assumptions that may
also be consistent with the data. Retrospective analyssgifig possible poor performance of
the assessment model with respect to future predictiorst.aBaessments have conducted closed-
loop simulations which provide insights into how altermatcombinations of survey frequency,
assessment model selectivity assumptions, and harvetsbkares affect expected management
outcomes given repeated application of these procedussstiog long-term. The results of past
(and ongoing) closed-loop simulations influenced the datssmade for this assessment.

This 2020 assessment retains most of the structural forimedbase assessment model from 2019
as well as many of the previous elements as configured in Sgnothesis. Analyses conducted
in 2014 showed that allowing for time-varying (rather thagedi) selectivity reduced the magni-
tude of extreme cohort strength estimates. In closed-laoplations, management based upon
assessment models parameterized with time-varying fiskedgectivity led to higher median av-
erage catch, lower risk of falling below 10% of unfished bissyasmaller probability of fishery
closures, and lower inter-annual variability in catch camgol to assessment models parameterized
with time-invariant fishery selectivity. Even a small degid flexibility in the fishery selectivity
could reduce the effects of errors caused by assuming s@hecs constant over time. There-

Pacific Hake assessment 2020 8 Executive summary
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Figure c. Median of the posterior distribution for beginning of theaydemale spawning biomasB;(in
yeart) through 2020 (solid line) with 95% posterior credibilitytérvals (shaded area). The solid circle
with a 95% posterior credibility interval is the estimatadished equilibrium biomass.

fore, we retain time-varying selectivity in this assesstnaffe retain the Dirichlet-Multinomial
approach to weighting composition data and use a new priothfo corresponding parameters.
We again provide sensitivities to alternative data-werghapproaches. Time-varying fecundity,
which was introduced in 2019, was retained. The weightgatiaformation for the forecast period
was changed to be a representation of the last five years thtne all years to match the years
used for other time-varying processes.

STOCK BIOMASS

Results from the base model indicate that since the 1960@#jdPidake female spawning biomass
has ranged from well below to above unfished equilibrium Fégc andd). Model estimates
suggest that it was below the unfished equilibrium in the $96@ the start of the assessment
period, due to lower than average recruitment. The stocktimated to have increased rapidly
and was above unfished equilibrium in the mid-1970s and rA&D& (after two large recruitments
in the early 1980s). It then declined steadily to a low in 19D8is was followed by a brief increase
to a peak in 2002 as the very large 1999 year class maturedl99teyear class largely supported
the fishery for several years due to relatively small rearaiits between 2000 and 2007. With
the aging 1999 year class, median female spawning biomatisetd throughout the late 2000s,
reaching a time-series low of 0.591 million t in 2010. Thesgssnent model estimates that median

Pacific Hake assessment 2020 9 Executive summary



1.5

Relative spawning biomass (B;/B)

T e
00 |||||||||||||||||||||||||||||||||||||||||||||||||||||||

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure d. Median (solid line) of the posterior distribution for relet spawning biomas$(/By) through
2020 with 95% posterior credibility intervals (shaded aré&zashed horizontal lines show 10%, 40% and
100% levels.

spawning biomass then peaked again in 2013 and 2014 due ty kaxge 2010 year class and an
above-average 2008 year class. The subsequent declin@bsnto 2016 is primarily from the
2010 year class surpassing the age at which gains in wemhtdgrowth are greater than the loss
in weight from mortality. The 2014 year class is estimatededarge, though not as large as the
1999 and 2010 year classes, increasing the biomass in 20&7eslimated biomass has declined
since 2017, during a time of record catches.

The median estimate of the 2020 relative spawning biomass\sing biomass at the start of 2020
divided by that at unfished equilibriurBg) is 65%. However, the uncertainty is large, with a 95%
posterior credibility interval from 31% to 129% (Talk. The median estimate of the 2020 fe-
male spawning biomass is 1.196 million t (with a 95% posteziedibility interval from 0.550 to
2.508 million t). The estimate of the 2019 female spawnirapiass is 1.379 (0.736—2.706) mil-
lion t. This is a slightly higher median and narrower crelitipiinterval than the 1.312 (0.471-
3.601) million t estimated in the 2019 assessment.

RECRUITMENT

The new data available for this assessment do not signifjcaeindnge the pattern of recruitment
estimated in recent assessments. However, estimatedtmeents for some years have changed.

Pacific Hake assessment 2020 10 Executive summary



Table b. Recent trends in estimated beginning of the year female r@pgwbiomass (thousand t) and
spawning biomass relative to estimated unfished equitifriu

Year

Spawning biomass Relative spawning biomass
(thousand t) (Bt/Byg)
h h h h
2.8 . Median 97'5. 2.5 . Median 97.8 :
percentile percentile percentile percentile

2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

555.6 727.4 1,101.7 26.3%  40.1% 61.6%
686.7 939.7 1,496.6 33.6% 51.6% 82.6%
1,217.1 1,696.3 2,754.8 60.7%  93.6% 152.0%
1,259.6 1,784.0 2,915.8 63.4%  98.5% 160.4%
927.4 1,337.3 2,213.5 46.8%  73.9% 122.3%
816.1 1,198.1 2,017.4 41.5%  66.0% 110.1%
978.9 1,548.0 2,715.1 51.1%  85.2% 146.9%
860.2 1,483.6 2,738.9 46.1%  81.2% 143.7%
7355 1,379.4 2,706.2 39.8%  75.6% 140.1%
550.1 1,196.3 2,507.7 30.7%  65.0% 129.5%

Table c. Estimates of recent recruitment (millions of age-0) anduiément deviations, where deviations
below (above) zero indicate recruitment below (above) éistitnated from the stock-recruit relationship.

Absolute recruitment Recruitment deviations

Year : (millions) : : :

2.8 . Median 97.8 : 2.9 . Median 97'5.

percentile percentile percentile percentile

2010 9,997.5 15,344.3 27,750.0 2.511 2.921 3.349
2011 162.5 432.2 955.0 -1.652  -0.687 0.049
2012 835.7 1,424.8 2,751.5 -0.057 0.485 1.002
2013 110.1 338.7 860.2 -2.101  -1.025 -0.196
2014 5386.6 9,401.4 18,478.6 1.757 2.305 2.871
2015 10.8 62.9 281.1 -4.382  -2.671 -1.326
2016 2,178.4 45505 10,016.1 0.908 1.590 2.287
2017 807.1 2,206.4 5,970.8 -0.106 0.864 1.752
2018 30.3 357.7 3,836.4 -3.318  -0.953 1.340
2019 57.7 924.4  16,936.9 -2.747 0.005 2.757
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Figure e. Medians (solid circles) and means)(of the posterior distribution for recruitment (billiong o
age-0) with 95% posterior credibility intervals (blue I&)e The median of the posterior distribution for
mean unfished equilibrium recruitmerRg] is shown as the horizontal dashed line with a 95% posterior
credibility interval shaded between the dotted lines.

For example, this assessment’s median estimate of the 2@filitment is 1.8 billion more fish (a
13% increase) than last year's assessment. This diffeisnaggely driven by the addition of the
2019 acoustic survey age compositions where the propoofi@ge-9 fish was higher than what
the 2019 assessment model results would have otherwisesiegggiven mortality.

Pacific Hake appear to have low recruitment with occasicarglel year-classes (Tabteand Fig-
uree). Very large year classes in 1980, 1984, and 1999 supporteth wf the commercial catch
from the 1980s to the mid-2000s. From 2000 to 2007, estimaeditment was at some of the
lowest values in the time series, but this was followed bylzova average 2008 year class. The
current assessment continues to estimate a very strong\&tQclass comprising 64% of the
coast-wide commercial catch in 2014, 33% of the 2016 catg% @f the 2018 catch, and 19% of
the 2019 catch. The decline from 2014 to 2016 was due to the laflux of the 2014 year class
(50% of the 2016 catch was age-2 fish from the 2014 year claissyas larger than the proportion
of age-2 fish, 41%, from the 2010 year class in 2012). The meziimate of the 2010 year class
is just below the highest ever (for 1980), with a 36% probghihat the 2010 year class is larger
than the 1980 year class (this probability was 18% for laat’g@assessment). The model currently
estimates small 2011, 2013, 2015, and 2018 year classesfmredruitment well below the mean
of all median recruitments).
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Table d. Recent estimates of relative fishing intensity, (1-SPR¥PRy04), and exploitation fraction (catch
divided by age-2+ biomass).

Relative fishing intensity Exploitation fraction

vear—agh L 97.8h 2.9" | 97.8h

. edian . . Median .

percentile percentile percentile percentile

2010 0.682 0.940 1.201 0.080 0.118 0.153
2011 0.625 0.890 1.165 0.109 0.167 0.218
2012 0.442 0.679 0.937 0.034 0.055 0.077
2013 0.428 0.652 0.862 0.046 0.075 0.104
2014 0.393 0.618 0.854 0.047 0.077 0.109
2015 0.276 0.472 0.706 0.035 0.058 0.084
2016 0.471 0.746 1.024 0.049 0.083 0.125
2017 0.494 0.782 1.136 0.076 0.133 0.212
2018 0.450 0.754 1.082 0.062 0.116 0.201
2019 0.454 0.764 1.093 0.057 0.115 0.218

The 2014 year class is likely larger than average but hasa0l% chance of being larger than
the 2010 year class. There is no information in the data tmast the sizes of the 2019 and 2020
year classes. Retrospective analyses of year class stfengbung fish have shown the estimates
of recent recruitment to be unreliable prior to at least nhade-3 (observed at age-2).

DEFAULT HARVEST POLICY

The defaultFspr-400s—40:10 harvest policy prescribes the maximum rate of fisihnagtality to
equalFspr_40%. This rate gives a spawning potential ratio (SPR) of 40%,mmggthat the spawn-
ing biomass per recruit withspr_409% IS 40% of that without fishing. If spawning biomass is
belowB4oy, (40% 0fByp), the policy reduces the TAC linearly until it equals zerdBado, (10% of
Bo). Relative fishing intensity for fishing rateis (1— SPRF))/(1— SPRyw), where SPRo is
the target SPR of 40%; it is reported here interchangeabdy decimal proportion or a percent-
age.

EXPLOITATION STATUS

Median relative fishing intensity on the stock is estimatetidve been below the target of 1.0 for
all years (see Tabld for recent years and Figuf¢. Median exploitation fraction (catch divided
by biomass of fish of age-2 and above) peaked in 1999 and tlaehed slightly higher values
in 2006 and 2008 (Figurg). Over the last five years, the exploitation fraction was lighest
in 2017 (Tabled). Note that in earlier assessments the exploitation fsacivas often defined in
terms of fish age-3 and above, but since the 2018 assessrael&fihition age was lowered to age-
2 because these fish are often caught by the fishery. Medmtivestishing intensity is estimated
to have declined from 94.0% in 2010 to 47.2% in 2015 beforeliey off to 75-78% since 2016.
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Figure f. Trend in median relative fishing intensity (relative to tHeRSmanagement target) through 2019
with 95% posterior credibility intervals. The managememgyét defined in the Agreement is shown as a
horizontal line at 1.0.

The exploitation fraction has increased from a recent 1oW.66 in 2012 to 0.13 in 2017 before
slightly decreasing to 0.12 in 2018 and 2019. There is a denable amount of uncertainty around
estimates of relative fishing intensity, with the 95% pdstasredibility interval reaching above the
SPR management target (of 1.0) for 2016—2019 (Figure

MANAGEMENT PERFORMANCE

Over the last decade (2010-2019), the mean coast-wideatitln rate (proportion of catch target
removed) has been 71.3% (Talge Over the last five years (2015 to 2019), the mean utiliratio
rates were 68.6% for the United States and 53.1% for Cananlal [&ndings last exceeded the
coast-wide quota in 2002 when utilization was 112%, thounghfishing intensity was relatively
low that year due to the appearance of the 1999 year class.

The median relative fishing intensity was below target iryalirs (Figurd). The median female
spawning biomass was above g, reference point in all years except 1999 and 2007-2010
(Figured).

The median relative fishing intensity has never been ab@/atet of 1.0 when the female spawn-
ing biomass is below the reference pointBapy, (Figureh). This highlights the highly dynamic
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Figure g. Trend in median exploitation fraction (catch divided by &gebiomass) through 2019 with 95%
posterior credibility intervals.

Table e.Recent trends in Pacific Hake landings and management aiegisi

U.sS. Canada Total
Coast-wide u.s. Canada  proportion  proportion  proportion
Year Iandlth's ® | ag&gag?t) | angi%tals ® catch catch catch of catch of catch of catch
9 9 9 target (t) target (t)  target (t) target target target
removed removed removed
2010 171,043 57,016 228,059 262,500 193,935 68,565 88.2% 2983 86.9%
2011 231,261 56,073 287,334 393,751 290,903 102,848 79.5%  4.5%b 73.0%
2012 160,144 47,059 207,203 251,809 186,036 65,773 86.1% .5%71 82.3%
2013 233,578 52,249 285,828 365,112 269,745 95,367 86.6% .8%b4 78.3%
2014 264,141 35,118 299,259 428,000 316,206 111,794 83.5% 1.4%3 69.9%
2015 154,160 39,684 193,844 440,000 325,072 114,928 47.4%  4.59%3 44.1%
2016 262,327 69,743 332,070 497,500 367,553 129,947 71.4% 3.7%b 66.7%
2017 354,229 86,721 440,950 597,500 441,433 156,067 80.2% 5.6%b 73.8%
2018 318,306 95,413 413,719 597,500 441,433 156,067 72.1% 1.1%6 69.2%
2019 317,003 94,280 411,283 597,500 441,433 156,067 71.8% 0.4%6 68.8%
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Figure h. Estimated historical path of median relative spawning laissin yeat and corresponding median
relative fishing intensity in year— 1. Labels show the start year, end year and year of highegtves|
fishing intensity; labels correspond to yedr.e., year of the relative spawning biomass). Gray bara spa
the 95% credibility intervals for 2020 relative spawnin@mniass (horizontal) and 2019 relative fishing
intensity (vertical).

nature of the stock due to high variation in recruitmentrggth. While the target fishing mortality
(Fspro40%) andBagy, result in different population sizes (see Tab)gethis difference is not, by
far, the major driver of the observed dynamics. Between 206¥2010, median relative fishing
intensity ranged from 77% to 94% and median relative spagvhiomass between 0.33 and 0.38.
Biomass has risen from the 2010 low with the 2008, 2010, aridl 28cruitments, and median
relative spawning biomass has been above the referenceqbdit% since 2011.

While there is large uncertainty in the estimates of reéafishing intensity and relative spawning
biomass, the model estimates a 4.3% joint probability afigpeoth above the target relative fishing
intensity in 2019 and below th&yqe, relative spawning biomass level at the start of 2020.

REFERENCE POINTS

Estimates of the 2020 base model reference points with pasteedibility intervals are in Table
The medians of sustainable yields and biomass refereno¢spoe almost 10% lower than in the
2019 assessment. The probability that spawning biomase dadginning of 2020 is belo®,q0,

is P(Bzozo< B4o%) = 9.9%, and of being belo,so, is P(Bzozo< 525%) =0.6%. The probability
that the relative fishing intensity was above its target 6felk.the end of 2019 was 8.4%.
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Table f. Summary of median and 95% credibility intervals of equilibn reference points for the Pacific
Hake base assessment model. Equilibrium reference poartseomputed using 1975-2019 averages for
mean weight-at-age and 1966—-2019 averages for selecdivdge.

. 2.50 . 97.3"
Quantity percentile Median percentile
Unfished female spawning bioma(thousand t) 1,231 1,832 2,853
Unfished recruitmentRy, millions) 1,403 2,505 4,961
Reference points (equilibrium) based orFspr_40%

Female spawning biomasskipr-409 (thousand t) 397 656 1,025
SPR atFspr_409 - 40% -
Exploitation fraction corresponding #€spr-40% 16.0% 18.3% 20.9%
Yield associated witlrspr-409 (thousand t) 176 308 544
Reference points (equilibrium) based orBsgy, (40% of Bg)

Female spawning biomasBpy, thousand t) 492 733 1,141
SPR aBoy 40.6% 43.4% 50.6%
Exploitation fraction resulting 8409 12.6% 16.2% 19.2%
Yield at B4go, (thousand t) 174 301 531
Reference points (equilibrium) based on estimated MSY

Female spawning biomasBy(sy, thousand t) 295 466 799
SPR at MSY 22.3% 29.4% 45.4%
Exploitation fraction corresponding to SPR at MSY 152% 82%. 35.0%
MSY (thousand t) 182 325 585

UNRESOLVED PROBLEMS AND MAJOR UNCERTAINTIES

Measures of uncertainty in the base model underestimatetfleuncertainty in the current stock
status and projections because they do not account foripp@ssternative structural models for
hake population dynamics and fishery processes (e.qg.tiséld@and the scientific basis for prior

probability distributions. To address such structuralastainties, we performed sensitivity anal-
yses to investigate a range of alternative assumptiong usaximum likelihood estimation, and

present the key ones in the main document. We also presémdyésian analyses for a model
that includes the age-1 survey index and a model that usesethefficient No-U-Turn-Sampler

(NUTS) within the R packagednuts.

In a 2015 Joint Management Committee (JMC) meeting, the ¥e€anted results from closed-
loop simulations to evaluate the effect of including potrage-1 indices on management out-
comes. It was found that fitting to an unbiased age-1 survayiteein lower catch, lower prob-

ability that spawning biomass falls beldB{oy%, and a lower average annual variability in catch.
However, comparable results in terms of catch may be acthi@ite a more precise age-2+ survey
or alternative harvest control rules. The simulations ee=siian age-1 survey design with con-
sistent, effective, and intensive sampling, which may rethHe case for the existing age-1 index.
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This is why the estimates are included in a sensitivity rdheathan the base model.

The Pacific Hake stock displays high recruitment variaprifative to other west coast groundfish
stocks, resulting in large and rapid biomass changes. €huslto a dynamic fishery that poten-
tially targets strong cohorts and results in time-varyisgédry selectivity. This volatility results in

a high level of uncertainty in estimates of current stockustand stock projections because, with
limited data to estimate incoming recruitment, the cohartsfished before the assessment can
accurately determine how big they are (i.e., cohort stierghot well known until it is has been
observed by the fishery and survey, typically at minimum aje-

FORECAST DECISION TABLES

The catch limit for 2020 based on the defab¥pr-400~40:10 harvest policy has a median of
666,458 t with a wide range of uncertainty, the 95% credipifiterval being 258,675-1,588,947 t.

Decision tables give the projected population statustirelapawning biomass) and fishing inten-
sity relative to the target under different catch alteneifor the base model (Tablgandh). The
tables are organized such that the projected outcome forgaential catch level and year (each
row) can be evaluated across the quantiles (columns) ofdktepor distribution. Figureshows
the projected biomass for several catch alternatives. IBbpn dynamics and governing param-
eters assumed during the forecast period include averaggtraent (no recruitment deviation);
selectivity, weight-at-age and fecundity averaged oveffitre most recent years (2015-2019); and
all other parameters as constant.

A relative fishing intensity above 1 (or 100% when shown asregrgage) indicates fishing greater
than theFspr-400, default harvest rate catch target. This can happen for tltBameelative fish-

ing intensity in projected years because apr_400, default harvest-rate catch limit is calculated
using baseline selectivity from all years, whereas theclasted catches are removed using selec-
tivity averaged over the last five years. Recent changedactsety will thus be reflected in the
determination of fishing in excess of the default harvestgoAlternative catch levels where me-
dian relative fishing intensity is 100% for three years ofj@ctions are provided for comparison
(scenario g: FI=100%).
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Table g. Forecast quantiles of Pacific Hake relative spawning bisna&she beginning of the year before
fishing. Catch alternatives are based on: constant catelsl&éows a, b, c, d, e, ), including catch similar
to 2019 (row d) and the TAC from 2019 (row f), catch values tlesult in a median relative fishing
intensity of 100% (row g), median catch estimated via thadéharvest policyKspr-400—40:10) for the
base model (row h), and the fishing intensity that results 50% probability that the median projected
catch will remain the same in 2020 and 2021 (row i). Catch @222@oes not impact the beginning of the
year biomass in 2022.

Within model quantile 5% 25% 50% 75% 95%
Management Action _— . . .
Year Catch (0 Beginning of year relative spawning biomass
a 2020 0 35% 51% 65% 83% 116%
2021 0 34% 48% 62% 79% 111%
2022 0 33% 48% 62% 80% 125%
b: 2020 180,000  35% 51% 65% 83% 116%
2021 180,000 30% 44% 58% 74% 106%
2022 180,000 26% 40% 53% 71% 116%
c: 2020 350,000 35% 51% 65% 83% 116%
2021 350,000 26% 40% 53% 70% 101%
2022 350,000 18% 32% 45% 63% 107%
d: 2020 410,000 35% 51% 65% 83% 116%
2019 2021 410,000 24% 38% 52% 69% 99%
catch 2022 410,000 15% 29% 42% 60% 104%
e: 2020 500,000 35% 51% 65% 83% 116%
2021 500,000 22% 36% 50% 66% 97%
2022 500,000 11% 25% 38% 56% 100%
f: 2020 597,500 35% 51% 65% 83% 116%
2019 2021 597,500 20% 34% 47% 64% 94%
TAC 2022 597,500 9% 21% 34% 52% 95%
g: 2020 558,094, 35% 51% 65% 83% 116%
Fl= 2021 438,261 21% 35% 48% 65% 95%
100% 2022 361,901 11% 26% 39% 56% 100%
h: 2020 666,458 35% 51% 65% 83% 116%
default 2021 484,844 18% 32% 46% 62% 92%
HR 2022 387,238 9% 22% 35% 53% 96%
i: 2020 523,713 35% 51% 65% 83% 116%
C2020= 2021 523,714 22% 36% 49% 66% 96%
C2021 2022 411,472 10% 24% 37% 55% 99%
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Table h. Forecast quantiles of Pacific Hake relative fishing intgngitSPR)/(1-SPEye), expressed as a
percentage, for the 2020-2022 catch alternatives prasaniableg. Values greater than 100% indicate
relative fishing intensities greater than thgr-409 harvest policy calculated using baseline selectivity.

Within model quantile 5% 25% 50% 75% 95%
Manag$21aernt é(;ttlc(:)r? 0) Relative fishing intensity
a 2020 0 0% 0% 0% 0% 0%
2021 0 0% 0% 0% 0% 0%
2022 0 0% 0% 0% 0% 0%
b: 2020 180,000 30% 42% 52% 63% 82%
2021 180,000 31% 44% 55% 67% 88%
2022 180,000 30% 45% 57% 70% 93%
c: 2020 350,000 50% 67% 79% 91% 112%
2021 350,000 53% 71% 86% 100% 123%
2022 350,000 53% 75% 92% 108% 135%
d: 2020 410,000 56% 73% 86% 98% 118%
2019 2021 410,000 59% 79% 94% 109% 132%
catch 2022 410,000 60% 83% 101% 118% 143%
e: 2020 500,000 64% 82% 95% 107% 127%
2021 500,000 68% 89% 105% 120% 141%
2022 500,000 69% 95% 114% 132% 147%
f: 2020 597,500 71% 90% 103% 115% 134%
2019 2021 597,500 76% 98% 114% 129% 145%
TAC 2022 597,500 79% 106% 125% 140% 148%
g: 2020 558,094 68% 87% 100% 112% 131%
Fl= 2021 438,261 63% 84% 100% 116% 139%
100% 2022 361,901 56% 81% 100% 119% 144%
h: 2020 666,458  76% 95% 108% 120% 138%
default 2021 484,844 68% 90% 107% 123% 144%
HR 2022 387,238 60% 86% 107% 127% 146%
i: 2020 523,713 66% 84% 97% 109% 129%
C2020= 2021 523,714 70% 91% 107% 122% 143%
C2021 2022 411,472 62% 87% 107% 126% 146%
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Figure i. Time series of estimated relative spawning biomass to 2a#@ the base model, and forecast
trajectories to 2022 (grey region) for several managemeliires defined in Tablg, with 95% posterior
credibility intervals.

Management metrics that were identified as important to k& and the Advisory Panel (AP)
in 2012 are presented for 2021 and 2022 projections (Tatdaedj and Figureg andk). These
metrics summarize the probability of various outcomes ftbenbase model given each potential
management action. Although not linear, probabilities bannterpolated from these results for
intermediate catch values in 2020 (Tabbnd Figurg). However, interpolation is not appropriate
for all catches in 2021 because catch alternatives g andéhdadehes that are larger than 500,000 t
(the constant catch for alternative e) in 2020 but smallantf00,000 t in 2021 (Table); this
explains why a few probabilities decline (rather than rigih increased 2021 catch levels in
Tablej and Figurek.

Figurei shows the predicted relative spawning biomass trajectonugh 2022 for several of the
management actions. With zero catch for the next two yelhesbiomass has a 81% probability
of decreasing from 2020 to 2021 (Talb)eand a 63% probability of decreasing from 2021 to 2022
(Tablej).

The probability of the spawning biomass decreasing fromD202021 is over 80% for all catch
levels, including zero (Tableand Figurg). It is 95% for the 2020 catch level similar to that for
2019 (catch alternative d). For all explored catches, thgimmam probability of the spawning
biomass dropping beloW1qg, at the start of 2021 is 1%, and of dropping belBapo, is 40%
(Tablei and Figurej). As the large 2010 and 2014 cohorts continue to age, themass is
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Figure j. Graphical representation of the probabilities relategpavmsing biomass, relative fishing intensity,
and the 2021 default harvest policy catch for alternative026atch options (explained in Tabdg as
listed in Tablei. The symbols indicate points that were computed directynfmodel output and lines
interpolate between the points.

Table i. Probabilities related to spawning biomass, relative fighimensity, and the 2021 default harvest
policy catch for alternative 2020 catch options (explaimetdiableg).

Probability  Probability
2020 relative 2021 default

Catch Probability Probability Probability Probability fishing harvest policy
in 2020 B2021<B2020 B2021<B40ys B2021<B25% B2021<B10% intensity catch
>100% <2020 catch

a:0 81% 11% 1% 0% 0% 0%

b: 180,000 91% 18% 2% 0% 1% 1%

c: 350,000 94% 26% 4% 0% 14% 17%

d: 410,000 95% 28% 6% 0% 22% 28%

e: 500,000 96% 32% 8% 0% 39% 45%

f: 597,500 97% 37% 10% 0% 57% 62%

g: 558,094 96% 35% 10% 0% 50% 56%

h: 666,458 97% 40% 13% 1% 66% 71%

i: 523,713 96% 33% 8% 0% 43% 50%
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Figure k. Graphical representation of the probabilities relatedpmasing biomass, relative fishing inten-
sity, and the 2022 default harvest policy catch for alteweaR021 catch options (including associated
2020 catch; catch options explained in Tag)es listed in Tablg. The symbols indicate points that were
computed directly from model output and lines interpolageateen the points.

Table j. Probabilities related to spawning biomass, relative fighimensity, and the 2022 default harvest
policy catch for alternative 2021 catch options, given tB2@catch level shown in Tabl€catch options
explained in Tablg).

Probability  Probability
2021 relative 2022 default

Catch Probability Probability Probability Probability fishing  harvest policy
in 2021 B2022<B2021 B2022<Baoys B2022<B2s% B2022<B10% intensity catch
>100% <2021 catch

a:0 63% 12% 1% 0% 0% 0%

b: 180,000 75% 25% 5% 0% 1% 2%

c: 350,000 82% 40% 12% 1% 25% 27%

d: 410,000 83% 46% 17% 2% 39% 40%

e: 500,000 86% 53% 24% 4% 58% 59%

f: 597,500 87% 60% 33% 7% 72% 74%

g: 438,261 84% 52% 24% 4% 50% 51%

h: 484,844 84% 58% 31% 7% 61% 62%

i: 523,714 86% 54% 27% 5% 62% 63%
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expected to decrease as losses from mortality outweigkasess from growth, while the smaller
but above-average 2016 cohort will add to overall spawningiass as it matures.

RESEARCH AND DATA NEEDS

There are many research projects that could improve thé stegessment for Pacific Hake and
lead to improved biological understanding and decisiokinta The top three are:

1. Continue investigation of links between hake biomassitnspatial distribution, and how
these links vary with ocean conditions and ecosystem asach as temperature and prey
availability. These investigations have the potentialnipiove the scenarios considered in
future management strategy evaluation (MSE) work as wgbragiding a better basic un-
derstanding of drivers of hake population dynamics andaiity to fisheries and surveys.
Related, there is a need to streamline the availability oflpcts from oceanographic models
(e.g., Regional Ocean Modeling System; ROMS) so that theybeaused on a reoccurring
basis as informative links in operational stock assesssnent

2. Use and build upon the existing MSE framework to evaluaagnsources of uncertainty
relating to data, model structure and the harvest policyHis fishery, and compare poten-
tial methods to address them. Incorporate the feedback ifmterested parties into further
development of operating and/or estimation models, thnahg Pacific Hake MSE Working
Group.

3. Continue to conduct research to improve the acoustiegwastimates of age and abundance.
This includes, but is not limited to, species identificatitarget verification, target strength,
directionality of survey, and alternative technologieassist in the survey, as well as im-
proved and more efficient analysis methods. Apply bootpirap(or related) methods to the
acoustic survey time series to incorporate more of the aglienncertainties into the survey
variance calculations. These factors include the targength relationship, subjective scor-
ing of echograms, thresholding methods, the species-nmixdamographic estimates used
to interpret the acoustic backscatter, and others. Comtmwork with acousticians and sur-
vey personnel from the Northwest Fisheries Science Centkfram Fisheries and Oceans
Canada to determine an optimal design, including desigatsriborporate ecosystem-based
factors and other potential target species (e.g., rockéisphausiids, and mesopelagics) for
the Joint U.S./Canada acoustic survey. Develop transpanelrepeatable methods to allow
for the availability of biomass and age composition esteaab the JTC in a timely manner
after a survey is completed.
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1 INTRODUCTION

The Joint U.S.-Canada Agreement for Pacific Hake (calledAtreement) was signed in 2003,
went into force in 2008, and was implemented in 2010. The cittees defined by the Agreement
were first formed in 2011, and 2012 was the first year for whiehgrocess defined by the Agree-
ment was followed. This is the ninth annual stock assessomrducted under the Agreement
process.

Under the Agreement, Pacific Hak®l€rluccius productusalso referred to as Pacific whiting)
stock assessments are to be prepared by the Joint Techwicahiftee (JTC) comprised of both
U.S. and Canadian scientists and reviewed by the Scientfiel® Group (SRG) that consists of
representatives from both nations. Additionally, the Asgnent calls for both of these bodies to
include scientists nominated by an Advisory Panel (AP) dieig stakeholders.

The data sources for this assessment include an acousteysannual fishery catch, as well as sur-
vey and fishery age-composition data. The assessment depemdvrily upon the acoustic survey
biomass index time-series for information on the scale etlrrent hake stock. Age-composition
data from the aggregated fishery and the acoustic surveyderadditional information allowing
the model to resolve strong and weak cohorts. The catch immportant source of information
in contributing to changes in abundance and providing addeend on the available population
biomass in each year.

This assessment is fully Bayesian, with the base model rozating prior information on several
key parameters (including natural mortaliby, and steepness of the stock-recruit relationshjp,
and integrating over parameter uncertainty to providelteshat can be probabilistically inter-
preted. From a range of alternate models investigated by Tle a subset of sensitivity analyses
are also reported to provide a broad qualitative compardatructural uncertainty with respect
to the base case. These sensitivity analyses are thorodgkbtyibed in this assessment docu-
ment. The structural assumptions of this 2020 base modpleimented using version 3.30.14.08
of the Stock Synthesis softwarBéthot and Wetzel2013, are largely the same as the 2019 base
model Berger et al.2019, though we incorporate the following three changes. Finstead of
using prescribed constant values, a nearly uniform priotrénsformed space) was applied to the
Dirichlet-Multinomial parameters used to weight the ageaposition data. Second, we removed
the constraint that estimated recruitment deviations lshewm to zero. Lastly, weight-at-age data
for the forecast period was calculated using the averagkeofite most recent years rather than
all years. Responses to 2019 SRG requests are in S&8amd a Glossary of terms appears in
AppendixC.

1.1 STOCK STRUCTURE AND LIFE HISTORY

Pacific Hake is a semi-pelagic schooling species distribali@ng the west coast of North America,
generally ranging in latitude from 2B to 55°N (see Figurd for an overview map). Itis among 18
species of hake from four genera (being the majority of th@lfaMerluccidae), which are found

in both hemispheres of the Atlantic and Pacific Ocedibgit and Pitcher1995 Lloris et al,
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2005. The coastal stock of Pacific Hake is currently the most dbahgroundfish population
in the California Current system. Smaller populations @ #pecies occur in the major inlets of
the Northeast Pacific Ocean, including the Strait of Georfia Puget Sound, and the Gulf of
California. Genetic studies indicate that the Strait of eoand the Puget Sound populations are
genetically distinct from the coastal populatidw@&moto et al. 2004 King et al, 2012. Genetic
differences have also been found between the coastal gapuénd hake off the west coast of
Baja California ¥rooman and Palomd977. The coastal stock is also distinguished from the
inshore populations by larger size-at-age and seasonghtoig behavior.

The coastal stock of Pacific Hake typically ranges from theeveeoff southern California to north-
ern British Columbia and rarely into southern Alaska, wtik horthern boundary related to fluc-
tuations in annual migration. In spring, adult Pacific Hakgnate onshore and northward to feed
along the continental shelf and slope from northern Calitoto Vancouver Island. In summer,
Pacific Hake often form extensive mid-water aggregatior@ssociation with the continental shelf
break, with highest densities located over bottom depttZ)6f300 m Dorn and Methqt1991,
1992.

Older Pacific Hake exhibit the greatest northern migratiacheseason, with two- and three-year
old fish rarely observed in Canadian waters north of soutantouver Island. During El Nifio
events (warm ocean conditions, such as 1998 and to some 2%E%), a larger proportion of the
stock migrates into Canadian waters (FigByeapparently due to intensified northward transport
during the period of active migratiobprn, 1995 Agostini et al, 2006. In contrast, La Nifia
conditions (colder water, such as in 2001) result in a soatbwhift in the stock’s distribution, with

a much smaller proportion of the population found in Canadvaters, as seen in the 2001 survey
(Figure2). The distribution of age-1 fish also changes between y&agsie3). The research on
links between migration of different age classes and enwental variables is anticipated to be
updated in the years ahead to take advantage of the datatleabben collected in the years since
the previous analyses were conducted.

Additional information on the stock structure for Pacifickdas available in the 2013 Pacific Hake
stock assessment documeldigks et al, 2013.

1.2 ECOSYSTEM CONSIDERATIONS

Pacific Hake are important to ecosystem dynamics in the EaB&cific Ocean due to their rel-
atively large total biomass and potentially large role athlpyey and predator. A more detailed
description of ecosystem considerations is given in th&8ZHcific Hake stock assessmeanioks

et al, 2013. Recent research has developed an index of abundance fobdldt Squid and sug-
gested hake abundance decreased with increasing squidaaimenGStewart et al.2014 and has
evaluated hake distribution, recruitment, and growthguatt in relation to oceanographic condi-
tions for assessment and managemRBeisgler et al 2007 Hamel et al.2015. The 2015 Pacific
Hake stock assessment document presented a sensitiviygianahere hake mortality was linked
to the Humboldt Squid indexTaylor et al, 2015. This sensitivity was not repeated in this as-
sessment, although further research on this topic is needadoing research investigating abi-
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otic (environmental conditions) and biotic (e.g., euphidudistribution and abundance) drivers of
hake distribution and recruitment could provide insighdinow the hake population is linked with
broader ecosystem considerations. In terms of an ‘EcasyAfgproach to Fisheries Management’
(a new priority for DFO), the use of empirical weight-at-agmmewhat accounts for ecosystem
effects (see Sectioh.3.3.

1.3 MANAGEMENT OF PACIFIC HAKE

Since the implementation of the Magnuson-Stevens Fisheng€rvation and Management Act in
the U.S. and the declaration of a 200-mile fishery-consemaibne in the U.S. and Canada in the
late 1970s, annual quotas (or catch targets) have been aidiedttthe catch of Pacific Hake in
both countries’ zones. Scientists from both countriesohisally collaborated through the Tech-
nical Subcommittee of the Canada-U.S. Groundfish Comm{ii&), and there were informal
agreements on the adoption of annual fishing policies. [Quhe 1990s, however, disagreements
between the U.S. and Canada on the allotment of the catcts loeiween U.S. and Canadian fish-
eries led to quota overruns; 1991-1992 national quotas ®drim128% of the coast-wide limit,
while the 1993-1999 combined quotas were an average of 112B& éimit. The Agreement be-
tween the U.S. and Canada establishes U.S. and Canadias sténe coast-wide total allowable
catch (TAC) at 73.88% and 26.12%, respectively, and thigidigion has been adhered to since
ratification of the Agreement.

Throughout the last decade, the total coast-wide catchraelsetd harvest targets reasonably well.
Since 1999, catch targets have been determined usiRgpanagy, default harvest rate with a 40:10
adjustment. This decreases the catch linearly from thdn¢atget at a relative spawning biomass
of 40%, to zero catch at relative spawning biomass value®%f dr less (called the default harvest
policy in the Agreement); relative spawning biomass is #madle spawning biomass divided by
that at unfished equilibrium. Further considerations hdt@enaesulted in catch targets being set
lower than the recommended catch limit. In the last decauta| tatch has never exceeded the
guota, although retrospectively, as estimated in thissgssent, harvest rates in some of those
years approached tigpr-400 target. Overall, management appears to be effective attaiaiing

a sustainable stock size, in spite of uncertain stock assggs and a highly dynamic population.
However, management has been risk averse in years wheravgeyjuotas were determined using
the default harvest control rule and stock assessment sutpu

1.3.1 Management of Pacific Hake in the United States

Inthe U.S. zone, participants in the directed fishery araired to use pelagic trawls with a codend
mesh of at least 7.5 cm (3 inches). Regulations also reskiceirea and season of fishing to
reduce the bycatch of Chinook salmddncorhynchus tshawytschand several depleted rockfish
stocks (though all but one of the rockfish stocks have rebuicent years). The at-sea fisheries
begin on May 15, but processing and night fishing (midnighdrie hour after official sunrise) are
prohibited south of 42N latitude (the Oregon-California border). Shore-basdurigis allowed
after April 15 south of 4830'N latitude, but only a small amount of the shore-basedcalion
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is released prior to the opening of the main shore-basedyighay 15). The current allocation
agreement, effective since 1997, divides the U.S. harméstiibal (17.5%) and non-tribal (82.5%,
with a small set aside for research) components. The nbattrarvest allocation is divided among
catcher-processors (34%), motherships (24%), and thedjased fleet (42%). Since 2011, the
non-tribal U.S. fishery has been fully rationalized witloaltions in the form of Individual Fishing
Quotas (IFQs) to the shore-based sector and group sharesperatives in the at-sea mothership
and catcher-processor sectors. Starting in 1996, the Middcaan Tribe has conducted a fishery
with a specified allocation in its “usual and accustomed iiglarea”. The At-Sea Hake Observer
Program has been monitoring fishing vessel activity singb 18riginally monitoring foreign and
joint-venture vessels. Observer coverage has been 100%domeestic vessels since 1991.

Shortly after the 1997 allocation agreement was approvethéyacific Marine Fisheries Com-
mission, fishing companies owning catcher-processor (E89els with U.S. west coast groundfish
permits established the Pacific Whiting Conservation Caaipe (PWCC). The primary role of
the PWCC is to distribute the CP allocation among its memtmeashieve greater efficiency and
product quality, as well as promoting reductions in wasia laycatch rates relative to the former
“derby” fishery in which all vessels competed for a fleet-wifita. The mothership (MS) fleet
has also formed a cooperative where bycatch allocationsaed and shared among the vessels.
The individual cooperatives have internal systems of asea monitoring and spatial closures
to avoid and reduce bycatch of salmon and rockfish. The dbased fishery is managed with
IFQs.

1.3.2 Management of Pacific Hake in Canada

Canadian groundfish managers distribute their portiorl@%) of the TAC as quota to individual
license holders. In 2019, Canadian hake fishermen wereatdld@ TAC of 156,067 t, including
20,824 t of uncaught carryover fish from 2018. Canadian pyities with the domestic fishery,
but when there is determined to be an excess of fish for whietetis not enough domestic pro-
cessing capacity, fisheries managers give considerati@domt-Venture fishery in which foreign
processor vessels are allowed to accept codends from Ganeaticher vessels while at sea. The
last year a Joint-Venture fishery was conducted was in 2018.

In 2019, all Canadian Pacific Hake trips remained subjecOf@d observer coverage, by either
electronic monitoring for the shoreside component of theeéstic fishery or on-board observer for
the freezer-trawler component. All shoreside hake larslimgre also subject to 100% verification
by the groundfish Dockside Monitoring Program (DMP). Reatamof all catch, with the exception
of prohibited species, was mandatory. The retention ofgplish other than Sablefish, Mackerel,
Walleye Pollock, and Pacific Halibut on non-observed buttetmically monitored, dedicated Pa-
cific Hake trips, was not allowed to exceed 10% of the landéchoaeight. The bycatch allowance
for Walleye Pollock was 30% of the total landed weight.
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1.4 FISHERIES

The fishery for the coastal population of Pacific Hake occlosgthe coasts of northern Califor-
nia, Oregon, Washington, and British Columbia primarilyidg May-November. The fishery is

conducted with mid-water trawls. Foreign fleets dominakedfishery until 1991, when domestic
fleets began taking the majority of the catch. Catches wetasi@nally greater than 200,000 t
prior to 1986, and since then they have been greater tha®@D® for all except four years. A

more detailed description of the history of the fishery isymted byHicks et al.(2013.

The Pacific Hake stock is of huge commercial value. For exaniplCanada alone over CA$26 mil-
lion in wages was estimated to have been paid to employedgqirbcessing industry in 2018,
with an exported value of CA$100 million mainly to Ukrainehi@a, South Africa and Lithuania

(DFO Groundfish Pacific Region 2020 Integrated Fisheriesdgament Plan summary, in prep.,
to be available afttp://www.pac.dfo-mpo.gc.ca/fm-gp/ifmp-eng.hymi

1.4.1 Overview of the fisheries in 2019

The Joint Management Committee (JMC) determined an adj(&iecarryovers) coast-wide TAC

of 597,500 t for 2019, with a U.S. allocation of 441,433 t 8&%) and a Canadian allocation of
156,067 t (26.12%). The historical catch of Pacific Hake 86@-2019 by nation and fishery
sector is shown in Figuré and Tablesl, 2, and3. Table4 shows recent catches in relation to
targets (see Sectidh4.2. A review of the 2019 fishery now follows by nation.

United States

The U.S. adjusted allocation (i.e., adjusted for carrysyef 441,433 t was further divided among
the research, tribal, catcher-processor, mothershipslamiet-based sectors. After the tribal alloca-
tion of 17.5% (77,251 t), and a 1,500 t allocation for reskeaatch and bycatch in non-groundfish
fisheries, the 2019 non-tribal U.S. catch limit of 362,682asvallocated to the catcher-processor
(34%), mothership (24%), and shore-based (42%) commegecibrs. Reallocation of 40,000 t
of tribal quota to non-tribal sectors on September 13 redut final quotas for the CP, MS, and
shore-based sectors of 136,912 t, 96,644 t, and 169,1Xpectvely.

The midwater fishery for Pacific Hake began on May 15 for theesth@sed and at-sea fisheries. In
earlier years, the shore-based midwater fishery began @enlknorth of 42N latitude, but could
fish for hake between 480'N and 42N latitudes starting on April 1. Beginning in 2015, the
shore-based fishery has been allowed to fish north @@ latitude starting May 15 and could
fish south of 4030’'N latitude starting on April 15. Regulations do not allai+sea processing
south of 42N latitude at any time during the year.

The overall catch of Pacific Hake in U.S. waters was sligrgislthan in 2018, but was the third
highest value ever recorded (Taldlp Monthly catch rates were similar to those calculated for
2018, except for September which was considerably high201® compared to 2018 (FiguBe.
Tribal landings available at the time of the assessment wgi@? t. As in recent years, careful
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consideration was needed to accurately account for trémalihgs. The catcher-processor, moth-
ership, and shore-based fleets caught 84.8%, 54.5%, an% &f.their final reallocated quotas,
respectively. Overall, 124,430t (28.2%) of the total U §uated TAC was not caught. For further
details see the report from the U.S. Advisory Panel (Appe&dli

In both U.S. at-sea sectors (CP and MS) the most common &oihdtie fishery were age-9, age-

5, and age-3 fish associated with the 2010, 2014, and 2016&clsesmes. Age-2 fish were more
present in the catch this year than in 2018. Sampling by sgateed with 494 and 286 sampled
hauls from each sector, respectively (TableFor the CP sector, the four most abundant age classes
(by numbers) seen in 2019 were age-5 (39.0%), age-3 (254¢)9 (17.4%), and age-2 (6.8%;
Table6). For the MS sector, the four most abundant age classes & 2@re age-5 (36.5%),
age-3 (20.4%), age-9 (16.5%), and age-2 (15.2%; Tabl&ge-samples from 92 shoreside trips
showed a similar proportional abundances for age-5 (3Q.8¢€-3 (22.0%), age-2 (17.2%), and
age-9 (16.7%) in 2019 (Tab®).

The at-sea fishery maintained moderately high catch ratesghout the year (Figurs), averaging
around 20 t/hr in the spring (May—June) and 15 t/hr in the(Bdptember—November). Relative
to last year, the spring fisheries saw a decline in catch,ratesreas catch rates were higher in
September and October. The median fishing depth for theadlessts was slightly shallower than
last year, which was shallower than previous years (Figuré-rom mid-June to September/Oc-
tober, operators in the at-sea fishery moved to their usuahsar fishing grounds where they
experienced slower than normal fishing of Bering Sea WalkRgkock. The shore-based fishery
had the largest monthly catches during July, August, andeSdger. The U.S. utilization rate
(71.8%) continued to be maintained close to what it has beescent years because of high catch
rates, despite vessels needing to implement bycatch-avogdmeasures (see AppenHifor more
details).

Canada

The 2019 Canadian Pacific Hake domestic fishery removed Q4 f28m Canadian waters, which
was 60.4% of the Canadian TAC of 156,067 t.

The shoreside component, made up of vessels landing fraad pyoduct onshore, landed 50,330t.
The freezer trawler component, which freezes headed anddgptoduct while at sea, landed
43,950 t. There was no Joint-Venture fishery this year.

Fishing started in February and ended in early Decembes yidar most of the fish were caught
in the deep water ‘scuzz’ layer as opposed to the usual laggeegations. Fish migration ap-
peared normal with early fishing in the South and moving neatidl throughout the season. The
deeper ‘scuzz’ fishing resulted in higher than normal byicafdRougheye and Bocaccio rockfish.
Small fish (aged 2-3 years) were found over the whole fishiag@ein the North, around Queen
Charlotte Sounds and Milbank Sound.

A majority of the Canadian production was HGT (headed, gludtied tail off), by both shoreside
and freezer vessels, with a very small amount of mince andeadoond produced shoreside. The
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Canadian hake shoreside TAC was harvested by freezer sesgkVessels that delivered fresh fish
to shoreside plants.

The most abundant year classes (by numbers) in the Canadiandr trawler catch were age 9 at
23.4%, age 5 at 19.0%, age 2 at 17.1%, and age 3 at 15.6%.

The most abundant year classes in the Canadian Shoresateveate age 5 at 28.7%, age 9 at
25.8%, age 2 at 14.3%, and age 3 at 11.6%.

For an overview of Canadian catch by year and fleet, see Pabl®r some years there was no
Joint-Venture fishery operating in Canada, as reflected dydlevant zeros in Tab

For further details see the report from the Canadian AdyiBamel (AppendiD).

2 DATA

Fishery-dependent and fishery-independent data souregkinighis assessment (Figud in-
clude:

 Total catch from all U.S. and Canadian target fisheries§12619; Tabled-3).

» Age compositions composed of data from the U.S. fishery%392@19) and the Canadian
fishery (1990-2019). The last 10 years of these data are shoWwables6-10, and the
aggregated data for all years are shown in Taldle

» Biomass indices and age compositions from the Joint U.&Camadian integrated acoustic
and trawl survey (1995, 1998, 2001, 2003, 2005, 2007, 2001122012, 2013, 2015, 2017,
and 2019; Table$2 and13).

* Mean observed weight-at-age from fishery and survey cat(t®75-2019; Figur&3) and,
thus, derived fecundity-at-age as well.

The assessment model also used biological relationshipgeddrom external analysis of auxiliary
data. These include:

» Ageing-error matrices based on cross-read and doubie-oéiad otoliths.

» Proportion of female hake mature by age, as developed fistalbgical analyses of ovary
samples collected in recent years (Tablleand Figurel?2).

Some data sources were not included in the base model bubkaweexplored or used for sensi-
tivity analyses, or were included in previous stock assesssnbut not in this one. Data sources
not discussed here have either been discussed at past PaiEcassessment review meetings or
are discussed in more detail in the 2013 stock assessmamne@ot Hicks et al, 2013. Some of
these additional data sources are:
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» Fishery and acoustic survey length compositions.
» Fishery and acoustic survey age-at-length compositions.

» Biomass indices and age compositions from the Joint U &Camadian integrated acoustic
and trawl survey (1977, 1980, 1983, 1986, 1989, and 1992).

» Bottom trawl surveys in the U.S. and Canada (various yeatspatial coverage from 1977—
2019).

* NWFSC/Southwest Fisheries Science Center/PWCC coasjwvenile hake and rockfish
surveys (2001-2019).

» Bycatch of Pacific Hake in the trawl fishery for Pink Shrimp thie coast of Oregon (2004,
2005, 2007 and 2008).

* Historical biological samples collected in Canada prmd 990 but currently not available
in electronic form.

* Historical biological samples collected in the U.S. piorl975 but currently not available
in electronic form or too incomplete to allow analysis witletinods consistent with more
current sampling programs.

* California Cooperative Oceanic Fisheries Investigati@@alCOFI) larval hake production
index, 1951-2006. The data source was previously explarddejected as a potential index
of hake spawning stock biomass, and this index has not beeiteel since the 2008 stock
assessment.

* NWFSC winter 2016 and 2017 acoustic research surveys ofrspg Pacific Hake.

2.1 FISHERY-DEPENDENT DATA
2.1.1 Total catch

The catch of Pacific Hake for 1966—2019 by nation and fishecyosés shown in Figurel and
Tablesl, 2, and3. Catches in U.S. waters prior to 1978 are available only ar yeom Bailey

et al.(1982 and historical assessment documents. Canadian catébetod989 are also unavail-
able in disaggregated form. For more recent catches, hatpeevel information was available
to partition the removals by month during the hake fishingseand estimate bycatch rates from
observer information at this temporal resolution. Thioomiation has allowed a more detailed
investigation of shifts in fishery timing (see Figure 5Tiaylor et al. 2013 The U.S. shore-based
landings are from the Pacific Fishery Information NetworkdPIN). Foreign and Joint-Venture
catches for 1981-1990 and U.S. domestic at-sea catche9%4r2019 are calculated from the
Alaska Fisheries Science Center (AFSC) North Pacific Grosiménd Halibut Observer (NOR-
PAC) database, which also stores the NWFSC At-Sea Hake @vsderogram data. Canadian
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Joint-Venture catches from 1989 are from the Groundfishdgjichl (GFBIio) database. The Cana-
dian shore-based landings are from the Groundfish Catch é@&RCdatabase (from 1989 to 1995),
the Pacific Harvest Trawl (PacHarvTrawl) database (fromeli®IMarch 31 2007), and the Fish-
eries Operations System (FOS) database (from April 1 20@fesent). Discards are negligible
relative to the total fishery catch. The vessels in the U.8teshbased fishery carry observers and
are required to retain all catch and bycatch for sampling laptpobservers. All catches from
U.S. at-sea vessels, Canadian Joint-Venture vessels, aratl@n freezer trawlers are monitored
by at-sea observers. Canadian observers use volumejderesitods to estimate total catch. Cana-
dian shoreside landings are recorded by dockside monigang tiotal catch weights provided by
processing plants.

Minor updates to catches for years pre-2019 were made bas#tedest available information
extracted from the aforementioned databases. Catcheshettered in PacFIN for the U.S. tribal
fishery were added to the extracted number based on infmmptovided by the Makah tribe.
With the movement towards digital fish tickets for reporttrial catches, this should be the last
year that catches used in the assessment do not match thoseaexk from PacFIN. Additional,
historical Canadian Joint-Venture catches, which werevagtently removed from the data used
to fit the model in the 2019 assessment, were replaced to mdihwas used previously.

2.1.2 Fishery biological data

Biological information from the U.S. at-sea commercial iRa¢iake fishery was extracted from
the NORPAC database. This included length, weight, and rsfgennation from the foreign and
Joint-Venture fisheries from 1975-1990 and from the domegtsea fishery from 1991-20109.
Specifically, these data include sex-specific length anddatgewhich observers collect by select-
ing fish randomly from each haul for biological data collentand otolith extraction. Biological
samples from the U.S. shore-based fishery from 1991-2016 eadlected by port samplers lo-
cated where there are substantial landings of Pacific Haletaply Eureka, Newport, Astoria,
and Westport. Port samplers routinely take one sample fleadf(or trip) consisting of 100 ran-
domly selected fish for individual length and weight, andvirthese 20 are randomly subsampled
for otolith extraction.

The Canadian domestic fishery is subject to 100% observarage on the five freezer-trawler
vesselsviking Enterprise Osprey #1 Northern Alliance Raw Spirit andViking Alliance which
together make up a large portion of the Canadian catch (45&19). The Joint-Venture fishery
also has 100% observer coverage on their processing ves3elsbserved freezer trawler trips,
otoliths (for ageing) and lengths are sampled from each ¢fahle trip. The sampled weight from
which biological information is collected must be inferfredm length-weight relationships. For
electronically observed shoreside trips, port sampletaiolbiological data from the landed catch.
Observed domestic haul-level information is then aggesytd the trip level to be consistent with
the unobserved trips that are sampled in ports.

For the Canadian Joint-Venture fishery, an observer abbartattory ship estimates the codend
weight by measuring the diameter of the codend and doingeraihvolume calculation for each
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delivery from a companion catcher boat. Length samplesdalected every second day of fishing
operations, and otoliths are collected once a week. Lenuyihage samples are taken randomly
from a given codend. Sample weight must be inferred from gtlemweight relationship applied
to all lengths taken and summed over each haul because tightvegithe sample from which
biological information is taken is not recorded.

The sampling unit for the shore-based fisheries is the triplevthe haul is the primary unit for
the at-sea fisheries. There is no least common denominatagfwegating at-sea and shore-based
fishery samples because detailed haul-level informationtisecorded for trips in the shore-based
fishery and hauls sampled in the at-sea fishery cannot begedgceto a comparable trip level. As
a result, initial sample sizes are simply the summed hauldrgys for fishery biological data. The
magnitude of this sampling among sectors and over time septed in Tabl&.

Biological data were analyzed based on the sampling prtdased to collect them, and expanded
to estimate the corresponding statistic from the entirddarcatch by fishery and year when sam-
pling occurred. A description of the analytical steps fopaxding the age compositions can be
found in earlier stock assessment documeldieks et al, 2013 Taylor et al, 2014).

The aggregate fishery age-composition data (1975-201%ymwathe well-known pattern of very
large cohorts born in 1980, 1984, and 1999 (Tableand Figure9). The more recent age-
composition data consisted of high proportions of 2008 d@tD3/ear classes in the 2012 fishery,
and since then, the proportional representation of the @40 class has continued to be high in
the fishery (Tablell and Figure9). Since 2016, substantial proportions of the catch haveecom
from the 2010 and 2014 (Tablés11 and Figure9). Currently, the 2014 cohort is the largest co-
hort in all three U.S. fleets (Tabl€és8) and the Canadian shoreside fleet (Té))levhile the 2010
cohort is largest in Canadian freezer-trawler fleet (Tdlfile The Canadian fleets also landed a
higher than normal proportion of age-2 fish this year. Tddlshows the combined age propor-
tions of all fleets, U.S. and Canadian. For the combined aef018, the 2014 cohort was the
largest (27%), followed by the 2016 cohort (26%), followeadthe 2010 cohort (23%). In 2019,
the 2014 cohort was the largest (32%), followed by the 201®q21%), followed by the 2010
cohort (19%).

We caution that proportion-at-age data contains inforomedibout the relative numbers-at-age, and
these can be affected by changing recruitment, selectivifishing mortality, making these data
difficult to interpret on their own. For example, the aboverage 2005 and 2006 year classes de-
clined in proportion in the 2011 fishery samples, but pezdigt small proportions for years in the
fishery catch, although were much reduced starting in 20Eltalimortality and the overwhelm-
ing size of the more recent large cohorts. The assessmerdlnsofit to these data to estimate
the absolute sizes of incoming cohorts, which become maege after they have been observed
several times (i.e., encountered by the fishery and surveyseweral years).

Both the weight- and length-at-age information suggedthbke growth has fluctuated markedly
over time (see Figure 7 iBtewart et al. 2001 This is particularly evident in the frequency of
larger fish & 55 cm) before 1990 and a shift to much more average-sizedrfishore recent
years. The treatment of weight- and length-at-age are itbescim more detail in sectior.3.3
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and2.3.4below. Although length-composition data are not fit explycin the base assessment
models presented here, the presence of the 2008 and 201€la&ses have been clearly observed
in length data from both of the U.S. fishery sectors, and tlie 3@ar class has been apparent since
2017.

2.1.3 Catch per unit effort

Calculation of a reliable fishery catch-per-unit-effor®l@E) metric is particularly problematic for
Pacific Hake and it has never been used as a tuning index fastgessment of this stock. There
are many reasons that fishery CPUE would not index the abeedainPacific Hake, which are
discussed in the 2013 stock assessmiditks et al, 2013.

2.2 FISHERY-INDEPENDENT DATA

An acoustic survey of age2hake was included in this assessment, while bottom trawpaed
recruit sources were not used. An age-1 index derived frausic survey data was explored as a
sensitivity to the base model. Sklcks et al.(2013 for a more thorough description and history
of these fishery-independent data sources.

2.2.1 Acoustic survey

The joint biennial U.S. and Canadian integrated acousticteawl survey has been the primary
fishery-independent tool used to assess the distributlmmdance, and biology of coastal Pacific
Hake along the west coasts of the U.S. and Canada. A detadeahhof the acoustic survey is
given byStewart et al(2011). The acoustic surveys performed in 1995, 1998, 2001, 22035,
2007, 2009, 2011, 2012, 2013, 2015, 2017 and 2019 were uskid mssessment (Takld). The
acoustic survey samples transects that represent allsvatfiethe coasts of the U.S. and Canada
thought to contain all portions of the Pacific Hake stock aged older. Age-0 and age-1 hake
have been historically excluded from the survey effortg wuargely different schooling behavior
relative to older hake, concerns about different catchigldly the trawl gear, and differences in
expected location during the summer months when the suakegtplace. Observations of age-1
hake are recorded during the survey, and an age-1 indeximsagst (described below), but it is
only included in a sensitivity analysis.

A survey was completed in 2019 that covered U.S. and Canaditaers from the Point Conception
to north of Haida Gwaii using 113 transects (FigjeOn average, U.S. transects were separated
by 10 nmi, while Canadian transects were separated by 20TraiNOAA ship Bell M. Shimada
completed the U.S. portion of the survey and met with the FOYdit Pearl off the southern end
of Vancouver Island before the Nordic Pearl completed thea@en portion. Four saildrones
(Saildrone, Inc) accompanied the Shimada in U.S. watensgltine survey, attempting to remain
within + 3-5 days of the Shimada on any given transect.

Distributions of hake backscatter plotted for each acowsstivey since 1995 illustrate the variable
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spatial patterns of age-2+ hake across years (Figuréhis variability is due in part to changes in
the composition of the (age-2+) population (older Pacifikéitend to migrate farther north) and
partly due to environmental and/or climatic factors. Th@88coustic survey is notable because it
shows an extremely northward distribution that is thoughid related to the strong 1997-1998 El
Nifio. In contrast, the distribution of hake during the 200Qivey was compressed into the lower
latitudes off the coast of Oregon and Northern Californie2003, 2005, and 2007 the distribution
of Pacific Hake did not show an unusual coast-wide pattetinf®009, 2011, 2012, and 2013 the
majority of the hake distribution was again found in U.S.evat which is more likely due to age-
composition than the environment, although 2013 showedessarmer than average sea-surface
temperatures. In 2015, sea-surface temperatures wereewagain, resulting in a northern shift
in the overall hake distribution. The distribution of Pacifiake in 2017 was more latitudinally
uniform than observed in years just prior. This is likely auke of having large proportions of
two cohorts (2010 and 2014 year-classes) in 2017 as opposedrty other years when a single
cohort is dominant in the observed samples (Fig?)rein addition to prevailing environmental
conditions. EIl Nifio conditions decreased in their prevedestarting in March 2019, leading to
neutral conditions by July. The 2019 survey saw Pacific Hala&lsurvey transects from just north
of Morro Bay, California to the northern end of Vancouvearsd, with the greatest offshore extent
of hake found off of Cape Mendocino. Ongoing research isilupknto relationships between
environmental conditions and Pacific Hake distributionicitwill help to inform the mechanisms
behind observations.

During the acoustic surveys, mid-water trawls are made dppistically to determine the species
composition of observed acoustic sign and to obtain thettedgta necessary to scale the acoustic
backscatter into biomass (see Tab&for the number of trawls in each survey year). Biological
samples collected from these trawls are post-stratifiesgdban similarity in size composition, and
the composite length frequency is used to characterizegtke $ize distribution along each transect
and to predict the expected backscattering cross sectiohalke based on the fish size-target
strength (TS) relationship. Any potential biases that migghcaused by factors such as alternative
TS relationships are partially accounted for in catchahibut variability in the estimated survey
biomass due to uncertainty in TS is not explicitly accouritedn the assessment.

Acoustic survey data from 1995 onward have been analyzed tise kriging geostatistical tech-
nique, which accounts for spatial correlation to provideeatimate of total biomass as well as an
estimate of the year-specific sampling variability due ttchimess of hake schools and irregular
transectsRetitgas 1993 Rivoirard et al, 2000 Mello and Rose2005 Simmonds and MacLen-
nan 2006. Advantages to the kriging approach are discussed in tha &@ck assessmemiicks

et al, 2013.

For the 2016 assessme@randin et al.2016, the data from all surveys since 1998 were scru-
tinized and reanalyzed using consistent assumptions, dategh version of the EchoPro soft-
ware, and a common input-file structure because some padyigenerated files had spurious
off-transect zeros because of how the data were exportegsdine analytical procedure was car-
ried out during the reanalysis of 1995 survey d&arfer et al.2017 and during the preparation
of survey data collected since 2017. The assumptions adlaw$:
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* fixing the minimum and maximum number of points used to dateuthe value in a cell at
Kmin=3 andkmax=10;

 standardizing the search radius to be three times theHesugile that is estimated from the
variogram; and

» biomass decays with distance from the end of the transeehwektrapolating biomass be-
yond the end of a transect.

Thus, a full time-series of consistently analyzed surveyniass (Tablel3 and FigurelO) and

age compositions (TablE2 and Figure9) since 1995 are being input into the assessment model.
Current and historical values were verified with the surveglysts in 2019 to ensure that the final
results from the re-analyses matched input values, whithde few minor changes in historical
values.

Results from research done in 2010 and 2014 on the représentss of the biological data (i.e.,
repeated trawls at different depths and spatial locationshe same aggregation of hake) and
sensitivity analyses of stratified data showed that trawigang and post-stratification is only a
small source of variability among all of the sources of Vaitity inherent to the acoustic analysis
(seeStewart et al. 2011

Estimated age-2+ biomass in the survey increased steaeklytbe four surveys conducted in

2011-2013 and 2015 (Tabl3 and Figurel0). It decreased in 2017 to 1.42 million t and then
increased to 1.72 million t in 2019. The 2019 survey age caitipo was made up of 16.1%

age-9 fish from the 2010 year-class, 31.3% age-5 fish fromQthd gear-class, 27.2% age-3 fish
from the 2016 year class, and 10.7% age-2 fish from the 20 r7cieess.

The acoustic survey biomass index included in the base n{ddble13) includes an estimate of
biomass outside the survey area that is expected to be phseno the occurrence of fish at or
near the western end of some survey transects. The methodrapelation was refined for the
2016 assessmerfBfandin et al.2016 and supported by the SRG.

The acoustic survey data in this assessment do not inclugld &igh, although a separate age-1
index has been explored in the padidks et al, 2013 and was explored as a sensitivity (see Ap-
pendixG). It is currently not included in the base model because nmuestigations are needed
regarding how to best model the data, the implications efhdkision are not fully understood, the
uncertainty of each estimate is unknown, and the surveytispexifically designed to representa-
tively survey age-1 hake. However, the estimates track stimmated recruitment reasonably well
(Figurell).

2.2.2 Other fishery-independent data

Fishery-independent data from the AFSC bottom trawl syrtrey NWFSC bottom trawl survey,
the NWFSC and Pacific Whiting Conservation Cooperative (B)V@re-recruit survey, and DFO
surveys not already mentioned were not used in this assassMere information on these data
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sources is given in the 2013 stock assessnidické et al, 2013.

2.3 EXTERNALLY ANALYZED DATA
2.3.1 Maturity and fecundity

The fecundity relationship data were updated for the 205@smnentEdwards et al.2018).
Previously, fecundity was based on the product of the ngtatilength reported byporn and
Saunderqg1997 and the weight-at-length estimated in 2011. These valus® wonverted to
fecundity-at-age using a parametric growth curve estichate2011 from a model that included
length data.

In 2018, a new age-based maturity ogive (Tdbland Figurel2) was developed using histological
estimates of functional maturity from 1,947 ovaries thateressociated with age estimates. These
samples were collected from the acoustic survey, wintersanagmner acoustic research trips, from
the U.S. At-Sea Hake Observer Program observers aboard eamainCatcher-Processor ves-
sels, and from the U.S. West Coast bottom trawl! survey (TaBle Samples from south of Point
Conception, California (34.48) were excluded from this analysis because they were thtdogh
mature at earlier ages and smaller sizes Berger et al. 201%r more information). We retained
the maturity ogive calculated ydwards et al(201&), though note that the ogive used for earlier
assessments was not updated annually from that develodedrboyand Saunde d.997).

Time-varying fecundity-at-age was modeled using yeacifipeweight-at-age values in the cal-
culation of fecundity Berger et al.2019. Samples from ages 15 and above were pooled for
both the maturity and weight-at-age estimation due to échisample sizes. Consequently, the
age 15+ estimates were applied to ages 15-20 for purposeed#ling the population dynamics
(Figurel?2).

Some fish at almost every age were found to be functionallyamne based on the histological
criteria, which is a combination of “skip spawners” thatlwibt be spawning in the upcoming year
and senescent fish that appear to no longer have viable svarie

Tissue samples for genetic analyses have been collectednrany of the same fish from which
ovaries were sampled — this may help determine whether thesdisth of 34.49N are from the
same stock as the rest of the coastal population.

2.3.2 Ageing error

The large inventory of Pacific Hake age determinations oshetumany duplicate reads of the same
otolith, either by more than one laboratory or by more thae age-reader within a lab. Recent
west coast stock assessments have utilized the cross- aitbdeads approach to generate an
ageing-error matrix describing the imprecision and biagh&observation process as a function
of fish age. New data and analysis were used in the 2009 assststraddress an additional
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process influencing the ageing of hake, cohort-specifiaagairor related to the relative strength
of a year-class. This process reflects a tendency for untaga determinations to be assigned to
predominant year classes. The result is that the presersteonly year classes is inflated in the
age data while neighboring year classes are under-repegsetative to what would be observed
if ageing error were consistent at age across cohorts.

To account for these observation errors in the model, yeeciic ageing-error matrices (defined
via vectors of standard deviations of observed age at tre¢ @@ applied, where the standard
deviations of strong year classes are reduced by a cons@mortion. For the 2009 and 2010
assessments, this proportion was determined empiricgllgoparing double-read error rates
for strong year classes with rates for other year classe2019, a blind double-read study was
conducted using otoliths collected across the years 2008-2 One read was conducted by a
reader who was aware of the year of collection, and therefbttee age of the strong year classes
in each sample, while the other read was performed by a resitlevut knowledge of the year
of collection, and therefore with little or no informatioa indicate which ages would be more
prevalent. The results were analyzed via an optimizatianime to estimate both ageing error
and cohort effect. The resultant ageing error was similéinécageing error derived from the 2008
analysis. Since 2011, cohort-specific ageing error hasisshto reduce the ageing-error standard
deviation by a factor of 0.55 for the largest cohorts: 19884, 1999, 2010, and 2014. In the 2014
base modelTaylor et al, 2014, the 2008 cohort was also included in this set, but currstimates
show this year class to be enough less than the four largastciasses that a reduction has not
been included for the 2008 year class in any assessmentbamteAlso, the model presented here
does not include the reduction in ageing error for age-1 figteuthe assumption that they never
represent a large enough proportion of the samples to chasmhort-effect.

2.3.3 Weight-at-age

A matrix of empirically derived population weight-at-age Year (Figurel3) is used in the cur-
rent assessment model to translate numbers-at-age dit@bibmass-at-age. Mean weight-at-age
was calculated from samples pooled from all fisheries anddtoestic survey for the years 1975
to 2019 (Figurell). Past investigations into calculating weight-at-agetfar fishery and survey
independently showed little impact on model results. F¥@5lweight-at-age data available in the
PacFIN database that were discovered during the 2018 asseiseeview process were quickly
confirmed to be samples collected within Puget Sound and maiveeen included in any assess-
ment. Ages 15 and above for each year were pooled and assorhadd the same weight. The
combinations of age and year with no observations were asgtmchange linearly over time be-
tween observations at any given age. The number of samptpgéR 4) is generally proportional
to the amount of catch, so the combinations of year and adpenwisamples should have relatively
little importance in the overall estimates of the populatitynamics.

Prior to 1975, weight-at-age is assumed to be equal to the meass all years with data (1975-
2019), consistent with the 2019 base model. For the forgesss, in 2019 we noted that Stock
Synthesis did not have the desired settings to properlyhesenean across recent yeaBe(ger
et al, 2019. For the 2019 base model we therefore used the long-term memht-at-age (the
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mean from 1975-2018). In the 2019 sensitivity run 54 we ubedriean across the most recent
three years (2016—-2018), but Stock Synthesis requiredsaigimg the 2018 weight-at-age to be

the mean of 2016—-2018; this run 54 yielded similar resulth&base model. Stock Synthesis

no longer has this anomalous requirement, so for the cuassgssment we use the recent mean
for the forecasts and the correct data for the most recemt(2649). For the current assessment,

both forecast weight-at-age data and forecast selectwéybased on the respective means from
the most recent five years (2015-2019), for consistency.

The use of empirical weight-at-age is a convenient methozhfiure the variability in both the

weight-at-length relationship within and among years, a#i as the variability in length-at-age,

without requiring parametric models to represent thes#ticglships. However, this method re-
quires the assumption that observed values are not biasgtidng selectivity at length or weight
and that the spatial and temporal patterns of the data soprogide a representative view of the
underlying population. Simulations performed iKyriyama et al(2016 showed that, in general,

using empirical weight-at-age when many observations eadadle resulted in more accurate
estimates of spawning biomass.

The temporal changes in weight-at-age may be due to ecosystects such as prey availability,

predator abundance and ocean temperature. Thus, whilexplitity parameterized in the as-

sessment, such ecosystem effects are somewhat implicttyuated for, especially compared to
assuming time-invariant weight-at-age.

2.3.4 Length-at-age

In the 2011 assessment mod8tdwart et al.2011) and in models used for management prior to
the 2006 stock assessment, temporal variability in ledthge was included in stock assessments
via the calculation of empirical weight-at-age. In the 2T8.0 assessments that attempted to
estimate the parameters describing a parametric growtfe cstrong patterns were identified in the
observed data indicating sexually dimorphic and temppradtiable growth. In aggregate, these
patterns result in a greater amount of process error foitheagage than is easily accommodated
with parametric growth models, and attempts to explicitlydal size-at-age dynamics (including
use of both year-specific and cohort-specific growth) hawebeen very successful for Pacific
Hake. The lack of success was particularly evident in thelueds to the length-frequency data
from models prior to 2011. We have not revisited the potémati@nues for explicitly modeling
variability in length- and weight-at-age in this model beitain the empirical approach to modeling
weight-at-age used since 2011 and described above, whidblsiiis variability implicitly.

2.4 ESTIMATED PARAMETERS AND PRIOR PROBABILITY DISTRIBUTI ONS

The prior probability distributions and estimated parasmetused in this stock assessment are
reported in Tabled6and27. Several important distributions are discussed in detdw.
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2.4.1 Natural Mortality

Since the 2011 assessment, and again this year, a combinétize informative prior for natural
mortality used in previous Canadian assessments andgésutt analyses usingoenigs (1983
method support the use of a log-normal distribution with alizue of 0.2 and a logarithmic stan-
dard deviation of 0.1. Historical treatment of natural rabty, M, is discussed in the 2013 stock
assessmentiicks et al, 2013. Sensitivity to this prior has been evaluated extensiieljnany
previous hake assessments (eHicks et al. 2013and is repeated here (see Sect®g). Alter-
native prior distributions foM typically have a significant impact on the model results,ibuihe
absence of new information M, there has been little option to update the prior.

2.4.2 Steepness

The prior for the steepness parameter of the stock-receuitrfunction is based on the median
(0.79) and the 20th (0.67) and 80th (0.87) percentiles fiyers et al's (1999 meta-analysis
of the family Gadidae and has been used in U.S. assessmec¢s2)07. This prior has a beta
distribution with parameters 9.76 and 2.80, which traesiata mean of 0.777 and a log-standard
deviation of 0.113. Sensitivities to the variance on th@mpan steepness were evaluated in the
2012 and 2013 assessmersefvart et al.2012 Hicks et al, 2013. Sensitivities to the mean of
the prior are explored in this assessment (see Se8t&)n

2.4.3 Variability on fishery selectivity deviations

Time-varying fishery selectivity was introduced in the 2@k4essmentaylor et al, 2014 and is
modeled with yearly deviations applied to the selectiatyage parameters. A penalty function in
the form of a normal distribution is applied to each deviatokeep the deviation from straying far
from zero, unless the data are overwhelming. The amountwétien from zero is controlled by
a fixed standard deviatio®. Further details on the time-varying selectivity functime provided
below and described ydwards et al(2018) in detail.

For each aga > Anin, WhereAn,, is the minimum age for which selectivity is allowed to be non-
zero, there is an incremental selectivity paramegigrfor the fishery (for whictkAnin = 1). There

is also an equivalerd, for the survey (for whictAnin = 2), but to keep the notation simple we do
not distinguish between them here because the followinguitions are the same for the survey
and the fishery. The selectivity at agés computed as

S = exp(S, — Shax)- 1)
where
S = i:%n pi (2)
and
Shax= max{S, }. (3)
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Selectivity is fixed ag,; = 0 for a < Amin.

This formulation has the properties that the maximum swiécequals 1, positive values g, are
associated with increasing selectivity between aged anda, and negative values are associated
with decreasing selectivity between those ages. Beyonththemum age for which selectivity is
estimated (6 in the base model for both the fishery and theg)p, = 0 gives constant selectivity
beyond the last estimated value. The condition that maxireel@ctivity equals 1 results in one
fewer degree of freedom than the number of estimatedrherefore pa,,, = 0 can be set for the
fishery and for the survey.

The implementation of time-varying selectivity uses a setaviations to control annual changes
to the selectivity parameters. The standard deviatigrassociated with these deviations has been
fixed at 1.4 since the 2018 assessment Eheards et al. 2018for justification). It is calculated
using

Pay = Pa+ €ay; (4)

where theg,y are the parameter deviations estimated in the model. Thesatibns are included
in an additional likelihood component with negative lokgelihood proportional to

2019 g2,

—log(L ;mm y_%gl o2 (5)

where® is the standard deviation of the normal penalty functionteNbat there is such a log-
likelihood component for both the fishery and the surveyceligies.

A new parameterization for the selectivity deviations waglered in 2018 and 2019, based on
the work ofXu et al.(2019, in an effort to produce a more objective way to determiredégree

of flexibility. However, further testing of this approach svbelieved necessary before making the
change so it is only used for a sensitivity analysis (seei@e8td).

2.4.4 Age composition likelihood

Since 2018 the assessment has used a Dirichlet-MultindipiM) likelihood (Thorson et al.
2017) to fit the age-composition data. Estimated parameigysand s,y Serve to automatically
adjust the weight given to the fishery-composition datan@sksy)) and the survey-composition
data (usin@syury). Both priors forB;isy, and 65,y are a normal distribution with a mean of 0 and
standard deviation of 1.813. In the 2019 assessment, umioiors were used, but I, had to
be set to its MLE value (see below).

Integration of the data weighting increases the efficierfahe assessment process, removes the
subjective choice of how many iterations are required, dsol @nsures that the results of model
sensitivities, retrospective analyses, and likelihooofifgs are automatically tuned, rather than
having the age compositions be given the same weight as eerbadel. Note that the following
description holds for both the survey data and the fisherg,daith 8 equal toBsyry Or g,
respectively.
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The likelihood function is given by Equation (10) ©horson et al(2017), and is

r(n+1) r(6n) Amax[(nfg+ 6nmg)

= Amax r r
P (nf+ 1) (n+ 6n) b (6nrg)
a=1

L(m, 6|7, n) (6)

whereTt, is the observed proportion at agert, is the corresponding expected proportion atage
estimated by the modeft and it designate the vectors of these proportiodRgax is the maximum
age in the model, and is the input sample size. The paramefeis defined as a linear scaling
parameter such th&n is the variance-inflation parameter of the D-M distribution

The effective sample size associated with this likeliheogiven by

.
1+6 1+6

The input sample sizes used in this assessment, which ard bashe number of trips or hauls, are
large enough that the first term is insignificant comparetéstcond term. Consequently,(1+

8) can be compared to the sample size multipliers used in thellit-lanelli data-weighting
method McAllister and lanellj 1997 that was used for assessments prior to 2018 (Ta8)leln
short, the McAllister-lanelli method involves iterativeddjusting multipliers of the input sample
sizes passed to the multinomial likelihoods until they areghly equal to the harmonic mean
of the effective sample sizes. The effective sample sizeepeddent on how well the model
expectation matches the observed values. Typically, tioisgss involves no more than four to five
iterations.

(7)

Neff =

In the 2019 assessment we used a uniform prior betweerand 20 for6Bssp and Bsy. The
parametersn, was well sampled by the MCMC algorithm. However, Bg. was not being
sampled efficiently due to many samples occurring in a pathefparameter space where the
effective sample size multiplie€syn/ (14 Bsurv), Was between 0.99 and 1.Bdrger et al.2019.

In that area, the input sample sizes were given full weightthe likelihood surface was almost
completely flat with respect to Id#,, and so to improve MCMC convergence lgg,, was fixed

at the MLE estimate of 2.44, corresponding to a weighfy/ (1 + Bsur) = 0.92.

To enable estimation ofisy, James Thorson (NOAA, pers. comm.) suggested that a prior on
log Bsyry could be associated with an approximately uniform priotef weightOsyry/ (1 + Bsury)-

lan Taylor (NOAA, pers. comm.) used a uniform prior betweeam@ 1 to determine that a normal
prior on logBs,n, With mean 0 and standard deviation 1.813 is suitable. Wehisetior for both

log Bish and l0gBsyrv.

Composition data can also be weighted using the Francisadgffi2.6 in Table 2 ofFrancis
2011, which is based on variability in the observed ages by yHais method, like the McAllister-
lanelli method, is iterative (unlike the D-M method whichiestes the weights), where the sample
sizes are adjusted such that the fit of the expected compusishould fit within the estimated
uncertainty at a rate that is consistent with the varigbédkpected given the effective sample sizes.
This method is known to be sensitive to outliers and pronetwergence issues when selectivity
is time-varying.
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Sensitivity to the D-M method as compared to the McAllidanelli and the Francis methods are
presented in SecticB.8.

3 ASSESSMENT
3.1 MODELING HISTORY

In spite of the relatively short history of fishing, Pacifickéshave surely been subject to a larger
number of stock assessments than any marine species ofeteceast of the U.S. and Canada.
These assessments have included a large variety of agéuséd models. Initially, a cohort anal-
ysis tuned to fishery CPUE was uséddncis et al.1982. Later, the cohort analysis was tuned to
National Marine Fisheries Service (NMFS) triennial acaustirvey estimates of absolute abun-
dance at ageHollowed et al, 1988. Since 1989, Stock Synthesis models using fishery catch-at
age data and acoustic survey estimates of population beoarasage composition have been the
primary assessment methdgiefger et al.2019.

While the general form of the age-structured assessmeneha@ned similar since 1991, man-

agement procedures have been modified in a variety of waysreTiave been alternative data
choices, post-data collection processing routines, rdiffedata-weighting schemes, many struc-
tural assumptions for the stock assessment model, andatitex control rules (Tabl&8).

Data processing, choices, and weighting have been mod#iesta times in historical hake as-
sessments. For example, the processing of acoustic dabeebasnodified over the years through
modifications to target strength calculatioBo¢n and Saunderd997) or the introduction of krig-
ing (Stewart and HameR010. While survey data have been the key index for abundance sin
1988, surveys that have been used have varied considefdid\yAFSC/NWFSC triennial bottom
trawl survey was used from 1988 before being discarded fhen2009 assessment (Blamel and
Stewart 2002 Acoustic surveys from the years prior to 1995 were usedafzessments in the
early 1990s, buStewart et al(2011) reviewed these early surveys and deemed that sampling had
been insufficient to be comparable with more recent dataioMarecruitment indices have also
been considered, but subsequently rejecktglger et al.2002 2005 Stewart and HameR010.
The process for generating fecundity-at-age from weidage data changed in 2019 from using
time-invariant to year-specific values. Even where date lie@en consistently used, the weighting
of these data in the statistical likelihood has changedutjfinadhe use of various emphasis factors
(e.g.,Dorn 1994 Dorn et al. 1999 a multinomial sample size on age compositions (dgrn

et al. 1999 Helser et al. 20022005 Stewart et al. 2011 internal estimations of effective sample
size using the Dirichlet-Multinomial distributiofefiwards et al.201&), and assumptions regard-
ing year-specific survey variance. The list of changes dised above is for illustrative purposes
only; itis only a small fraction of the different data chasc@nalysts have made and that reviewers
have required.

The structure of the assessment models has perhaps hadgist laumber of changes. In terms
of spatial models, analysts have considered spatiallyi@kfirms (Dorn, 1994 1997, spatially
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implicit forms (Helser et al.2006, and single-area modelStewart et a].2012. Predicted recruit-
ment has been modeled by sampling historical recruitmegt, @orn 1994 Helser et al. 2006
using a stock-recruitment relationship parameterizedggusiaximum sustainable yield (MSY) and
the fishing mortality rate estimated to produce the M&ydy; Martell 2010, and using several
alternative steepness prio&téwart et al.2012 Hicks et al, 2013. Selectivity has also been mod-
eled in several ways, invariarSfewart et al.2012 Hicks et al, 2013, time-varying with Helser
et al, 2002 and without Dorn, 1994 Dorn and Saunderd 997 Stewart et al.2012 Hicks et al,
2013 arandom walk, and alternative levels of allowable dewiathrough timeflicks et al, 2013
Berger et al.2017), age-baseddorn, 1994 Dorn and Saunder4 997 Stewart et a].2012 Hicks
et al, 2013, and length-basedglser and Marte)l2007).

Several harvest control rules have been explored for proyidatch limits from these stock as-
sessments. Pacific Hake stock assessments have presensgohd@akers with constai, vari-
ableF, and the following hybrid control rule$:spr_350%, Fspr-40%, Fspr-400—40:10,Fspr_45%,
Fspro450—40:10, and~spr-509 (€.9.,Dorn 1996 Hicks et al. 2013 The above is only a small
fraction of the number of management procedures that haualbcbeen investigated. There have
been many other combinations of data, assessment modelsaarest control rules. In addition to
the cases examined in the assessment documents, therecleavebny more requested at review
panel meetings.

While there have been many changes to Pacific Hake managenoeetures, each one has been
considered carefully. Available data have changed oveydlaes, and there have been many ad-
vances in the discipline of fisheries science. In some wdngs]atter has evolved considerably
over the course of the historical hake fishery, new statistechniques and software have evolved
(e.g., Bayesian vs. maximum likelihood methods) and thendific literature has suggested poten-
tially important biological dynamics to consider (e.g.pkgit modeling of length-at-age). Policies
requiring the application of specific control rules have@alsanged such as the United States’ Na-
tional Standards Guidelines in 2002 and Bepr-400—40:10 harvest control rule in the Agreement
(see Glossary in AppendiR®). Analysts making changes to Pacific Hake management puoegd
have been trying to improve the caliber and relevance of #§sessments by responding to new
scientific developments, policy requirements, and diffece new insights during the peer review
process. Until the process for a MSE began, initiated in 2Bii8ks et al, 2013 and currently
being revisited, none of these management procedure chaveye evaluated by simulation and
guantitatively compared with performance measures.

3.2 DESCRIPTION OF BASE MODEL

The 2020 base model is predominantly an update of the baselimmatie 2019 stock assessment.
The statistical-catch-at-age model assumes that the ®HBieikie population is a single coast-wide
stock subject to one aggregated fleet with combined maleemédl& population dynamics. Stock
Synthesis Methot and Wetzel2013 version 3.30.14.08 was used. The largest changes between
the 2019 and 2020 stock assessments are the addition okaretlr of acoustic survey and fish-
ery data, the use of just five recent years (rather than atkye& weight-at-age data to calculate
fecundity-at-age in the forecast period, and the followiwg structural changes: (1) a nearly
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uniform prior (in transformed space) was placed on the BlietcMultinomial parameters used to
weight the age-composition data; and (2) estimated revant deviations were no longer con-
strained to sum to zero.

The 2020 base model includes an acoustic data time series I895 to 2019. Maturity is
assumed to be time-invariant and the maturity ogive updaie2018 was retained (see Sec-
tion 2.3.1). Fecundity is defined as weight-at-age multiplied by theumiy ogive and is time-
varying across years with empirical weight-at-age dat&$192019; see Sectiod.3.3. The
Dirichlet-Multinomial (D-M) likelihood approachThorson et al.2017) was again used to esti-
mate the weights associated with age-composition dataer#an iteratively tuning the sample
size multiplier as in 2017 and earlier assessments (se®B&c4.4). Time-varying fishery selec-
tivity is retained in the 2020 base model with the magnituidée allowable deviations unchanged
from the 2019 base model (see Sect#h.3. The general parameterization of selectivity was re-
tained, although additional parameters were requiredtimate an additional year of deviations.
The selectivity of the acoustic survey is assumed to notghawer time. Selectivity curves were
modeled as non-parametric functions estimating age-fpegalues for each age beginning at age-
2 for the acoustic survey (because age-1 fish are mainly @xdlrom the sampling design) and
age-1 for the fishery until a maximum age of 6 (all fish 6 and Ofd&e the same selectivity).

Prior probability distributions are used for a select fewapaeters and fixed values are used for
several parameters. For the base model, the instantaretewd natural mortalityN!) is estimated
with a lognormal prior having a median of 0.20 and a standaxaation (in log-space) of 0.1 (see
Section2.4.]). The stock-recruitment function is a Beverton-Holt pagdenization, with the log of
the mean unexploited recruitment freely estimated. Thisssmment uses the same Beta-distributed
prior for stock-recruit steepneds)( based oMyers et al (1999, that has been applied since 2011
(Stewart et al.2011, 2012 Hicks et al, 2013 Taylor et al, 2014 2015 Grandin et al. 2016
Berger et al.2017 Edwards et a).2018). Year-specific recruitment deviations were estimated
from 1966-2018 as well as the years 2020, 2021, and 2022 fpopes of forecasting. The
standard deviatiorgy, of recruitment variability, serving as both a recruitmeeviation constraint
and bias-correction term, is fixed at 1.4 in this assessniéig.value is based on consistency with
the observed variability in the time series of recruitmegxidtion estimates, and is the same as
assumed in assessments from 2013 to 2019 (TEB)leSurvey catchability was set at the median
unbiased estimate calculated analytically aslp&twig and Walterg1987).

Statistical likelihood functions used for data fitting aypital of many stock assessments. The
acoustic survey index of abundance was fit via a log-nornkaliiood function, using the ob-
served (and extra 2009) sampling variability, estimatedckviging, as year-specific weighting. An
additional constant and additive standard deviation onatpescale component is included, which
was freely estimated to accommodate unaccounted-for eeofgrocess and observation error. A
Dirichlet-Multinomial (D-M) likelihood was applied to aggomposition data, with input sample
sizes equal to the sum of the number of trips or hauls actsalhypled across all fishing fleets or
the number of trawl sets in the research surveys (see Satdod.

Uncertainty of estimated quantities was calculated arahednedian results (50% quantile) via
Markov chain Monte Carlo (MCMC) simulations. The bounds B#®credibility intervals were
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calculated as the 2.5% quantile and the 97.5% quantile déposdistributions from the MCMC
simulations, to give equal-tailed intervals. The Stockt8gsis input files for the base model are
given in Appendice$-M.

Calculations and figures from Stock Synthesis output wer®peed using R version 3.6.2 (2019-
12-12) R Core Team2018 and many R packages (in particular r4ss and xtable). Theotise
R, knitr, BTpX and GitHub immensely facilitated the collaborative wrgiof this document. In
particular, having most of the code automatically sharedesthe 2016 assessme@téndin et al.
2016 allows for the completion of a full assessment in the limhitene available. A recent DFO
workshop Edwards et aJ20183) shared such a ‘transparent, traceable, and transferabtkflow
with a wider audience, partly motivated by our ongoing Pac¢ifake assessments.

3.3 RESPONSE TO 2019 SCIENTIFIC REVIEW GROUP (SRG) REVIEW

The Scientific Review Group (SRG) meeting was held from Fafyrd9-22, 2019 at the Simon
Fraser University Harbour Centre, Vancouver, BC, Canada.

The following are the ‘SRG Recommendations and Concludionthe Hake Stock Assessment’
from the 2019 SRG report, and associated responses frort @ie J

1. The SRG notes the high sensitivity of the model to the nwaggparameter assumed for recruit-
ment deviationsdg, a parameter that is not directly observable). While theveyrag biomass
trajectories across values gf were very close to one another, the corresponding estimaRs
led to widely different estimates of stock status (relaspawning biomass). The JTC presented
evidence that supported the value used in the assessit@SRG encourages the JTC to ex-
plore methods for parameterizing recruitment and/or estimating or that would reduce model
sensitivity to the value of this constraint.

Response — Developing best practices for modeling equifibrecruitment () and recruitment
variability (or) remain broad topics of contemporary research. The JTCinaes to conduct,
collaborate on, and monitor ongoing research projects @ng approaches for advancing re-
cruitment estimation, as applied to Pacific Hake and in gahaie now briefly discuss several of
these research endeavors.

The JTC is conducting and collaborating on simulation petgdooking into the concurrent esti-
mation of multiple variance parameters. This includes stexation of variability associated with
time-varying selectivitygr, of the extra standard deviation parameters on survey imd¢a, and

of the Dirichlet-Multinomial parameter8&sp and Bsyry. Variance parameters in stock assessment
models have a tendency to be interrelated when they captioee sources of variance attributed to
model mis-specification rather than variability directBlated to the given process. This is partic-
ularly important foror because without an index of recruitment to directly infohm éstimation

of or it tends to soak up unspecified variability. This work is tethwith other time-varying
selectivity research, as discussed in response 2 below.

The near completion of the Management Strategy Evaluatemmdwork for Pacific Hake cre-
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ates considerable advantages for examining recruitmemt.ekample, using the Template Model
Builder (TMB) estimation code developed by Dr. Nis Jacolisethe MSE, there is opportunity to
explore random-effects treatment of recruitment varigp(Thorson 2019. The MSE framework
can also be used to evaluated the robustness of recruitmaié¢ling assumptions on management
performance and uncertainty. Further, the MSE could be atitamhal option for estimatingir in
MCMC runs while further testing semi-parametric selectyivi

The JTC conducted an analysis looking into autocorrelatbrecruitment deviations over time.
Results showed no indication of autocorrelation, suggesthere is no need to add additional
variance terms to account for temporally-related recrietihdeviations. The assessment model
is adequately accounting for general life-history traitsdaincludes an adequate representation
of ageing error. Along with no apparent retrospective pattésee Sectior.9), this result sug-
gests that the assessment model is not overly mis-specHieehn the lack of autocorrelation, the
assessment model was not sensitive to the addition of as@uttation parameter.

The JTC is following work being conducted by Dr. Cathleertfstssand colleagues at the North-
west Fisheries Science Center looking at identifying derdrivers of Pacific Hake early life-
history stages and recruitment. Possible outcomes froewtiork of direct use to the assessment
include the development of an explicit recruitment indexeavironmental index linked to recruit-
ment, indicators of recruitment variatiorog), and indicators of current or forecasted levels of
recruitment. Related work on making fisheries advice rotusme-varying productivity is being
conducted at the Pacific Biological Station, as part of a oasil DFO initiative on an Ecosystem
Approach to Fisheries Management.

The JTC is also following work being conducted by the Inteéomal Council for the Exploration of
the Sea (ICES) Methods Working Group which, among othegshiis looking at meta-analytical
approaches for estimating recruitment parameters. Re$udin this work could be used to develop
informative prior distributions on key recruitment parateies.

The JTC plans to continue to work towards evaluating andrigdtest practices for modeling
recruitment variability, including the use of multi-stageeruitment functions. In general, many of
these issues are widespread in stock assessment, andfszieased solutions are likely to be the
result of medium to long-term research projects.

2. The SRG notes that when setting values for other parasiitar cannot be estimated directly
with confidence, the choice of values should be made usingadstthat are objective, repeat-
able, and depend on fits to the observed data rather than ondtlel's subsequent estimates of
biomass or recruitment. One clear example is setting thenpatier controlling time-varying fish-
ery selectivity (), with a goal of establishing repeatable steps for set®repch year. This year
the JTC presented a semi-parametric method of characigtize flexibility in selectivity, but this
method did not resolve the sensitivity of results to the cbaf®. The SRG recommends that
the JTC provide a review of how time-varying selectivity is @rameterized and estimated in
other assessments.

Response — Most methods that are available to estimatevamegng selectivity require subjective
choices. Common choices include which years to model ugiingegblock, the level of variability
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to use for a penalized vector, or the degree of smoothing feplme. Alternatively, state-space
models can be used estimate time-varying selectivity indiw@nsions, age and time, where the
degree of smoothing is estimatddi¢lsen and Berg2014).

A comparison project was recently launched by the ICES Mistidorking Group to compare the
results of four stock assessment frameworks that estinmageviarying selectivity using different
assumptions: State-Space Assessment Model (SAM), Wotalastessment Method (WHAM),
Stock Synthesis, and Age Structured Assessment Progra®)ASach framework will be fit to
data from 10 stocks using multiple configurations. This wtwdl allow for the comparison of
estimated trajectories between two state-space framesnzorl two well-used statistical catch-at-
age models when time-varying selectivity is ignored omestéd using the current best practices
for each framework. Results will inform best practices fos assessment in 2021.

3. The histological analysis of ovaries for maturity praserin 2018 showed a distinct difference
in the percent of Hake that are mature at age 2 and age 3 beaness) with a greater proportion
mature south of Point Conception (32Nj. These data show that there may be two populations of
hake, north and south of this boundary. The SRG also notésvhaes collected in Canada were
not used to update the maturity ogive. Hake found in Canaelganerally older, and including
samples of these fish in the maturity analysis should imptiogeaccuracy of the maturity ogive.
The JTC noted that work began late in 2018 to address thisme@ndation.The SRG strongly
supports the ongoing genetic analyses to determine whethénere are genetic differences
among the two southern regions and other regions. In additin, the SRG notes that Canadian
samples should be included in the maturity analysis.

Response — The JTC is in communication with the researchdeaducting Pacific Hake genetic
analyses. They provided the following update.

Genetic samples have been collected from along the PacHist cturing summer, fall (BC to CA)
and winter (OR and CA) and within the Strait of Georgia (BCjidg the spring. We have begun
a genetics study to characterize the spatial-temporal petmn structure of Pacific Hake coast
wide. Prior genetic analyses in hake have focused on a sngdlegraphic range, over a limited
seasonal time scale, and used a limited set of genetic nmkeamoto et al. 2004 2015.

For this study, samples were grouped in boxes based on $patmgooral collection information
(i.e., year, season, and location) and selected sampleshdited across these boxes. RADseq
(Baird et al, 2008 Ali et al., 2016 has been utilized to generate 8,763 genome wide polymor-
phic markers, which will allow for powerful population gen analyses as well as association
tests of genetic variability with life-history charactstics such as growth rates and age at matu-
ration.

In the initial round of sequencing, DNA were extracted fra@02 individuals from across spatial-
temporal boxes from 2015-2017. Of these, 876 samples wguerseed based on sufficient DNA
concentrations, 667 of which passed quality filters. Pradary findings generally corroborate
the single stock hypothesis with low differentiation anstrigcations. A Principal Component
Analysis (PCA) groups all coastal individuals across space time together with Salish Sea
individuals clearly distinct. However, using a Bayesiansteéring analysis there was evidence
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for seasonal migration across several winter boxes (acy@sss and location) showing signs of
differentiation from the same location in different seasol years. This was corroborated with
weak but significant pairwise FST comparisons.

For the next round of sequencing, and to finalize data cabbedor the project, the team will se-
guence approximately another 1,000 individuals. Theskidecrecently acquired samples, with
the goal of filling in gaps in spatial-temporal boxes (esp#gifrom Canada) and to add addi-
tional samples to existing boxes to boost sample sizes.aphi®ach will provide the best picture
to date of Pacific Hake genetic population structure. Thertexpects to complete the sequencing
and analyses for these samples in 2020, culminating in thm&sion of a peer-reviewed publica-
tion.

Canadian ovaries from surveys have been collected sincé& &0d could be included in updated
maturity analyses planned for the upcoming year. Howewgistical considerations will need to
be worked out regarding sample exchange and histologicalyasis workload between DFO and
NWESC.

A new project has been initiated looking at improved methodifferentiate which females will
likely spawn from those that will not and, thus, should orwiddaot be included as spawning
biomass. The study is using liver and ovary samples colledtging NWFSC acoustic surveys
(2017-2019) to develop metabolic markers linked to key lieneproductive stages. Liver physi-
ology and levels of certain lipid classes may reveal ovaratabolic and reproductive status. Pre-
liminary results from initial liver lipid analyses indicatthat levels of important structural (phos-
pholipids) and storage (triglycerides) lipids are indioat of female maturation status (immature
vs. mature) and may be predictive of reproductive failuree@a) and/or skipped spawning in
Pacific Hake. Work is currently underway to expand the liy@dlanalyses and develop molecular
markers for lipid synthesis (liver RNA) and ovarian growtidaatresia (ovarian RNA). Molecular
information from liver and ovary samples together with ffilrgid analyses and gonadal histology
should provide a broader picture of reproductive statuseshéle Pacific Hake and better inform
stock assessments.

4. The issue of data weighting remains a significant techolealenge for stock assessments that
integrate information of different forms (e.g., biomasdiaes and age compositions) from different
sources (e.g., different fishing sectors). A potentialesslated to data weighting that should be
explored in the next assessment is the JTC’s approach tardgthe initial set of data weightings
associated with the fishery and survey age-compositiormredisens. The annual number of at-sea
hauls and shore-based trips from which fish ages were incatgabinto the age-composition series
are summed to provide initial sample sizes. If there are gbsun the number of fish associated
with each sample unit (haul or trip) over time, then a coroesling change in the information con-
tent of an age- composition sample would be expected. Theagpip taken to deriving the initial
data weights could account for changes in the number of fisegrapling unit. Alternatively, the
Dirichlet multinomial parameter that accounts for variépin the age-composition observations
could include a time-varying component to account for clesrig the number of fish per sampling
unit. The SRG notes that the JTC included information in the 2019 asessment on the annual
numbers of fish underlying each annual age-composition obseation, but were unable to
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complete an analysis, as requested in the 2018 SRG report, tdre effect of potential changes
in sampling protocols that could influence the input sample igzes. The SRG reiterates its
request for this analysis.

Response — Progress was made on documenting the historthods utilized to sample Pacific
Hake for otoliths, which began in the 1970s with observersgaveign vessels. Many protocols
have remain unchanged over time, but some methods of éogjdisth for ageing and the numbers
of fish aged per tow or trip have changed. Below, we summaniaek major changes.

A clear change in protocol was initiated in 1999 for the U.Gsaa fishery with the move towards
random sampling of fish for ages rather than random-strati@mpling, which attempts to collect
ages ineach 1 cm length bin. Additionally, in 2009 at-seaolers started collecting three instead
of five sets of otoliths from a haul.

In Canada, target sample size (n=50) has not changed ovez fon at-sea observers aboard
foreign joint-venture vessels. On domestic vessels obseare currently instructed to collect
age samples from 60 fish, whereas prior to 2001 the target naag bnly been 50. This lower
target potentially only pertained to shoreside hake vesbefore at-sea observer coverage was
discontinued with the installment of electronic monitgrin

In 2016, dockside observers were asked to change their gotstdbased on JTC input. Samples
changed from being collected during dedicated weeks tcethdimg level.

A more complete summary of the changes in the sampling mloteer time will be completed
in the upcoming months and included in the 2021 assessmeamt appendix. Currently, this
information has been used to inform a simulation study thegstigated repercussions of biased
input sample sizes. Preliminary results suggest that the Parameters combined with time-
varying selectivity can estimate the time series of spagvstock biomass with little bias when
there is no temporal trend in the bias applied to the input glensize. Future investigations will
look into temporal trends in this bias, where the trend wdlibformed by changes in the protocols
used to specify the collection of otoliths in the Pacific Hakleery.

5. A recent advance in Bayesian analysis (the No U-Turn SammRlJTS) raises the possibility
that the assessment model could reach convergence muclyuicky than is now possible. Many
2019 sensitivity runs were limited to maximum likelihoodiestes (MLE) values, rather than
Markov chain Monte Carlo (MCMC) values, to save computimgej minutes versus 2.5 days per
run, respectivelyThe SRG recommends that the JTC continue to explore NUTS andmilar
options, as using MCMC for all runs would provide better comparability between the base
assessment model and sensitivity runs.

Response — The JTC evaluated the No U-turn Sampler (NUT8dhalucting efficient Bayesian
MCMC sampling using thednuts R packagelonnahan and Kristense2018 Monnahan et al.
2019. Results from this evaluation, including comparisond® ¢urrent approach for Bayesian
MCMC sampling, are shown in AppendHixIn addition, the JTC explored the added utility of using
the ShinyStan applicatioghinystan features inadnuts to better visualize MCMC diagnostics,
including mixing, sampling and divergence metrics, amotgiothings. A demonstration of this
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application will be shown at the 2020 SRG meeting. The codd fes running NUTS is given at
the end of Appenditd.

6. Delays in entry and validation of catches reported on pigeets in Washington and entry into
the PACFIN database was identified as a potential issue. chmsern has most often applied to
tribal catches. The preferred process is that all data aiéadle from managed regional databases
in time for JTC data extraction, which usually occurs eanyanuary.The SRG recommends
that the JTC continue to set a deadline for the extraction of atch data and be transparent
about the sources of data used in the assessment in the evelnat data have to be obtained
directly from the sources.

Response — The JTC set the deadline 3 January 2020 for thecgatr of data. In addition, the
JTC communicated with U.S. State partners to ensure theupest-date data would be available.
The streamlining of getting tribal fish tickets into regibdatabases is advancing with the recent
electronic ticket pilot study jointly conducted by the MaKEribe in Washington State and the
Pacific States Marine Fisheries Commission (see the triblaéfiy report in Appendik). However,
nearly 50% of the tribal catch had yet to be incorporated itite PacFIN regional database by the
data deadline. Nonetheless, the JTC worked with the Makite &nd Washington Department of
Fish and Wildlife to ensure the best estimates of triballcatere included in the stock assessment,
despite not yet appearing in PacFIN. The JTC anticipates dlada will consistently be available
in PacFIN in timely manner moving forward with continued w$electronic ticket reporting for
all tribal catch.

The JTC also notes that the SRG concurred with our approa2@1f of using the long-term
averages of time-varying fecundity for years without wetightage data (i.e. before 1975 and for
forecasts). For this assessment we used the long-termaalll®75-2019) average for the years
prior to 1975 and the average of the last five years for theefmteperiod (2020-2022).

Based on an informal request at the 2018 SRG meeting, we hangied the y-axis in the historical
phase plots (Figurdsand33) to show the relative fishing intensity in yetar 1 (rather than year
t), such that the 2020 relative biomass appears on the figure.

Finally, we note that we have complied with the followinguegt from the 2017 SRG concerning
the sensitivity tests to perform in all future assessments:

The SRG requests that future assessments, beginning with 28, include the following key
sensitivity tests: natural mortality, stock-recruit steepness ), oy, inclusion of the age-1 in-
dex, and exploring the degree of flexibility in time-varyingselectivity or the ¢ parameter, as
well as any others the JTC deems appropriate.

Pacific Hake assessment 2020 52 Sec8enAssessment



3.4 MODELING RESULTS
3.4.1 Changes from 2019

A set of ‘bridging’ models was constructed to evaluate theponent-specific effects of all changes
from the 2019 base model to the 2020 base model.

In short, these included the following:
» Update to the latest version of Stock Synthesis, versidd.24.08;

» Change to estimating a simple vector of recruitment deviatrather than a vector of devi-
ations that are constrained to sum to zero;

» Update catch data from years prior to 2019;

» Update age-composition data from years prior to 2019;

» Update weight-at-age data from years prior to 2019;

» Add 2019 total catch;

» Add 2019 fishery age-composition and weight-at-age data;
» Add 2019 survey biomass estimate;

» Add 2019 survey age-composition data; and

* Implement new prior distributions on the D-M parameters.

The bridging steps can be grouped into three main sets ofyelsamwith the majority of the steps
being those that are performed routinely. The first step tgobidne Stock Synthesis framework to
follow current best practices. The second step updatechfbemation available from the fishery.
The third step updated the information available from theeyiand implemented changes to the
model structure.

Stock Synthesis version 3.30.14.08 includes a number ofgdssince the version used Bgrger

et al. (2019, mostly related to forecasting options. Changes reletmtite assessment of Pacific
Hake include changes to increase the convergence of esimatatchability and parameter de-
viations, performance of jitter runs when parameters aeg heundary conditions, and stability
of the transition to MCMC when the parameters specifyings l@djustment of the recruitment
deviations are turned off. Collectively, these changeddesimall differences in estimates of pa-
rameter deviations compared to the 2019 base model buttedlsemo change in the time series
(Figurelb).

We relaxed the constraint that recruitment deviationsrduthe main period sum to zero. The

Pacific Hake assessment 2020 53 Sec8enAssessment



constraint leads to a mismatch between the MCMC samplestbalrawn versus those that are
reported by the MCMC algorithms run through the AD Model Beil software because AD Model
Builder applies the constraint during its evaluation phakere results are calculated rather than
during sampling. This is a known error and AD Model Buildevelepers are working on ways to
fix this problem. Until then, best practices suggest remptire constraint such that the sampling
and evaluation algorithms match.

One advantage of using a zero-centered recruitment dewiggctor is to maintain tractability
when estimating recruitments, especially for assessntleaitiave less information about recruit-
ment (little data). The theory behind the use of a zero-cedteecruitment deviation vector is
that theRy andBg reference points should be reflective of the central tend&rdhe time period
with the best information about recruitment. A mismatchwesnR, and estimates of recruitment
during the data-rich period could, in theory, lead to a biditt¢o the indices of abundance or some
other data source which wouldn’t otherwise be expected tofbemative about recruitment. How-
ever, for Pacific Hake the stock assessment is relativebrdelth and the index is pretty consistent
with the recruitments, so such tension doesn’t seem to Isepte

Estimating recruitment deviations that are not consthinesum to zero will increase the compat-
ibility between MCMC and MLE results, and also increase tiabifity of model results, because
penalties have implications for calculating derivativd$ie non-zero centered approach resulted
in a median recruitment deviation distribution of 0.086he 2020 base model. Compared to the
2019 assessment, the time series of spawning biomass aimd) fiebrtality, as well as the fit to
the survey index were largely unchanged. However, relapaavning biomass increased for all
years because the estimate offRygncreased and estimates of recruitment deviations wegletbli
more positive (Figurd5). Nonetheless, the moderate increase in relative spavianamgass is well
within the uncertainty bounds of models that apply and dcapply this relaxed constraint.

The second set of bridging steps was conducted to updatestierfidependent data. This pri-
marily included minor adjustments in catch, fishery age{oosition, and weight-at-age values.
Historical catches from the Canadian Joint-Venture fislieay were inadvertently left out of last
year’s assessment were included. Also included were additage data from the U.S. shoreside
fleet that were previously filtered from the analysis becaidselack of delineation regarding the
method used to age the samples. Weight-at-age data thainfacknation about the month in
which they were collected are now included. Samples thag wesrently aged but not available for
the 2019 assessment were included. These changes to @a2@lwere small enough that they
had little impact on the model results (Figuré).

The addition of 2019 catch allowed the model to be extendéutstart of 2020, but the estimates
for 2020 remained highly uncertain (Figuté) in the absence of additional information about re-
cent recruitment. Adding 2019 fishery age-composition aamit-at-age data had relatively little
impact on the historical biomass estimates, indicatingttiteobserved 2019 ages were consistent
with the model estimates without those data (Figle However, the addition of these data did
alter recent recruitment estimates, increasing the ettohsze of the 2016 and 2017 year classes
and decreasing the 2018 year class. This bridging step hikedsthe ending year of the devi-
ations in the selectivity parameters from 2018 to 2019 bseani the addition of fishery data in
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2019.

Including the fishery-independent biomass estimate ledslayhtly more optimistic trajectory of
the stock over the last couple of years (Figli/@, which was to be expected given the increase in
the index relative to 2017. The addition of survey age-cositfum data led to reduced uncertainty,
particularly for the 2010, 2014, 2016, and 2017 year clasbles 2010 and 2014 year classes are
estimated to be higher in this assessment than they were 20h9 assessment. This increase is
largely driven by the addition of the 2019 acoustic survesy@mpositions where the proportion of
age-9 fish and age-5 fish were higher than what the 2019 assetssradel would have otherwise
predicted given mortality. The 2019 acoustic survey waditeetime the 2016 and 2017 cohorts
were adequately sampled (age-2 or older) by the surveyhabiehy the uncertainty associated
with these cohorts was reduced (though still quite unagrteigurel?).

The final bridging step involved using the new priors on th&parameterss, and Bsyrn, and
explicitly estimatingfs,r (see Sectio.4.4). This resulted in the 2020 base model (Tat®g The
new priors led to a slight increase in correlation betwegimases ofM and logRy (AppendixA),
though a decrease compared to the 2019 assessment, atigedffe difference in the trajectory
of the stock or estimates of its status (Figi®. The settings related to avoiding bias in recruit-
ment estimation, based on the method proposedéthot and Taylof2011), were also shifted by

1 year to account for the addition of information about ré@onent for the 2018 cohort.

3.4.2 Assessment model results

Model Fit

For the base model, the MCMC chain length was 24 million asas w the 2019 assessment
(Berger et al.2019. The first 4,000,000 values were discarded to eliminatentw’ effects
and each 10,000th value thereafter was retained, resutti2g000 samples from the posterior
distributions for model parameters and derived quantities

Stationarity of the posterior distribution for model paeters was re-assessed via a suite of stan-
dard single-chain and multi-chain diagnostic tests. ThHeative function, as well as all estimated
parameters and derived quantities, showed good mixingndwsampling, no evidence for lack of
convergence, and low autocorrelation (results for somepleegmeters are shown in Figur&sl
andA.2). Correlation-corrected effective sample sizes were@afit to summarize the posterior
distributions and neither the Geweke nor the Heidelbergdr\aelch statistics for these parame-
ters exceeded critical values more frequently than exdagterandom chance (Figue4). The
Gelman-Rubin multi-chain diagnostic test, which compavisin-chain variance to among-chain
variance, further indicated that convergence was adelguathieved (Figuréd.5). Correlations
among key parameters were generally low, with the excemtidh and logRy (FigureA.6). Esti-
mates of recruitment in 2010 and 2014 were correlated wétd#drived quantity of catch from the
default harvest rule in 2020, as to be expected given thedigmeies among these quantities (Fig-
ure A.6). An examination of deviations in recruitment (log-scalffedlences between estimated
and expected recruitment values) from recent years (Fi@ufeindicates the highest correlation
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(0.81) between the 2010 and 2012 recruitment deviationss ddntinues to be likely caused by
the relative proportion of these two cohorts being bettlarmed by recent age-composition data
than the absolute magnitude of these recruitments.

The new prior forBgsh and Bsyry results in the estimate (median and 95% credible inteneal) f
log Bsn of -0.559 (-0.762, -0.344), giving an effective sample sieltiplier Gisn/(1+ 6Grish)

of 0.364 (0.318, 0.415). The new prior results in the survgg-eomposition parameter being
well-sampled (unlike in the 2019 assessment where it eriecesh bounds and so was fixed)
with log 65,y estimated as 2.332 (1.192, 4.519), and the resulting affesample size multiplier
Bsurv/ (1+ Bsyry) 0f 0.912 (0.767, 0.989).

The base model fit to the acoustic survey biomass index (E@)rremains similar to the 2019
base model. The 2019 survey biomass estimate resulted pveard shift in the fit to the 2015 and
2017 survey data points and a lengthening of the stable lEstnend over recent years (Figd:®.
The addition of 2019 fishery data had negligible effect onfth® survey biomass (Figur6).
The 2001 data point continues to be well below any model ptiextis that were evaluated, and no
direct cause for this is known. The survey did begin earhat year than all other surveys between
1995 and 2009 (Tabl&3), which may explain some portion of the anomaly, along witiNEio
conditions and age structure. The underestimation of ti® 20omass estimate is much larger
the underestimation of any other year. The uncertainty isfgbint (both modeled and actual) is
high because of the presence of large numbers of Humboldd Siguing the survey. Humboldt
Squid have similar TS to hake which could introduce bias elilomass estimate for that year,
and which also likely influenced hake population dynamicsulgh predation in that year.

The MLE and median posterior density estimates underfit @& Zurvey index, overfit the 2017

index, and closely fit the 2019 index (Figut8). This is likely due to slight differences in what

the fishery composition data and survey composition datapwgonsidered independently, would
otherwise suggest as population trends. Additionally,gbpulation has undergone recent high
catch levels and produced a couple of above-average cdhattare now mature.

Fits to the age-composition data continue to show closespaondence to the dominant and small
cohorts observed in the data when the data give a consistgratl §Figure19). Because of the
time-varying fishery selectivity, the fit to commercial ag@mnposition data is particularly good,
although models with time-invariant selectivity used ieyous years also fit the age composi-
tions well. In the 2019 fishery, the 2014 cohort was the ldr¢@2%), followed by the 2016
cohort (21%), followed by the 2010 cohort (19%). Age composs from the 2019 acoustic sur-
vey suggest a similar age structure, i.e., the 2014 cohasttiva largest (31%), followed by the
2016 cohort (27%), followed by the 2010 cohort (16%). Coredinthe 2015-2019 fishery age-
composition data and the 2017—-2019 acoustic survey ageasition data suggest that 2014 was
a strong recruitment year, and the model was able to addygddteo these observations (Fig-
urel9). The 2016 cohort, which has now been observed twice by thveglappears to be smaller
than the 2014 cohort. The 2019 survey was the first to sampl@@t7 cohort, confirming that
it was not extremely large (10.7% of the 2019 survey catclesitial patterns to the fishery and
survey age data do not show patterns that would indicatemsyic bias in model predictions
(Figure20).
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The MLEs for numbers, biomass, exploitation rate, and c@tchumbers and in biomass) for each
age class in each year are given in Tall@23. For the major cohorts, the resulting estimated age-
specific catch, natural mortality, and surviving biomasaesgiven in Tabl24. For example, the
catch weight of the 2014 cohort at age-5 was slightly largantthat of the 2010 cohort at age-5,
but the resulting surviving biomass of the 2014 cohort way @rst over half of the surviving
biomass of the 2010 cohort.

Posterior distributions for both steepness and naturatatityrare strongly influenced by priors
(Figure 21). The posterior for steepness is only slightly updated leydhta, as expected given
the low sensitivity to steepness values found in previodelessessments. The natural mor-
tality parameter, on the other hand, is shifted to the righthe prior distribution and the prior
may be constraining the posterior distribution from shitifurther. Broadening the prior distri-
bution by increasing the prior standard deviation for theired mortality parameter is examined
in sensitivity runs (see Sectid8). Other parameters showed updating from diffuse priors to
stationary posterior distributions, includirtly,, (unlike in the 2019 assessment, as outlined in
Section2.4.4).

The 2020 base model specified the same level of variationdatd deviation ofp = 1.4) associ-
ated with time-varying fishery selectivity as the 2019 baseleh, effectively allowing the model
flexibility (i.e., a lower penalty on the overall likelihopdo fit to data that suggests high vari-
ability among years for each age. This level of variationtiedesults that were consistent with
the 2019 acoustic survey biomass estimate and gave redsditsio the fishery age composition
data, while maintaining that there is considerable ungegtassociated with spatial changes in
fish availability (due to movement) and recent variabilityoceanographic conditions. Estimated
selectivity deviations for age-3 and age-4 fish are largemf2010 to 2012 than in more recent
years (Figure®22 and23). The median selectivity peaks at age 4 in 2010 and 2012 aageaB

in 2011 suggesting targeting of the younger cohorts in tlyeses. This pattern is consistent with
the 2008 cohort appearing strong in the fishery age compasitnitially, but decreasing in promi-
nence from 2013 onward (Figur&9 and55). Fishery selectivity on age-2 fish was at its highest
in 2016, followed by 2018. Fishery selectivity for the mostent year leveled off between ages
less than six even more so than it did for the previous yeagesting equal selectivity-at-age for
younger ages Figur23). Even though the survey selectivity is time invariant, plosterior shows

a broad band of uncertainty between ages 2 and 5 (F@4reThe decline in survey selectivity
between ages 3 and 4 may be an artifact of the interactiondegtvarge cohorts and the biennial
timing of recent surveys, with the 2010 and 2014 cohorts wowyat ages 3 and 5 but not age 4.
Fishery selectivity is likewise very uncertain (Figu2%and24), but in spite of this uncertainty,
changes in year-to-year patterns in the estimates arewtiént, particularly for age-3 and age-4
fish, though these patterns might also reflect time-varyingatity processes.

Stock biomass

The base stock assessment model indicates that since the, I2#cific Hake female spawning
biomass has ranged from well below to above unfished equilib(Figures25 and 26 and Ta-
bles25and26). The model estimates that it was below the unfished equitioin the 1960s, at
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the start of the assessment period, due to lower than averagetment. The stock is estimated to
have increased rapidly and was above unfished equilibriuireimid-1970s and mid-1980s (after
two large recruitments in the early 1980s). It then declistghdily to a low in 1999. This was
followed by a brief increase to a peak in 2002 as the very 14889 year class matured. The 1999
year class largely supported the fishery for several yeaggauelatively small recruitments be-
tween 2000 and 2007. With the aging 1999 year class, medmaaléespawning biomass declined
throughout the late 2000s, reaching a time-series low @Drhillion t in 2010. The assessment
model estimates that median spawning biomass then peakedia@013 and 2014 due to a very
large 2010 year class and an above-average 2008 year classubsequent decline from 2014
to 2016 is primarily from the 2010 year class surpassing feea which gains in weight from
growth are greater than the loss in weight from mortality.e 914 year class is estimated to
be large, though not as large as the 1999 and 2010 year classessing the biomass in 2017.
The estimated biomass has declined in each of 2018, 2019 @@ Auring a time of record
catches.

The median estimate of the 2020 relative spawning biomass\sing biomass at the start of 2020
divided by that at unfished equilibriurBg) is 65%. However, the uncertainty is large, with a 95%
posterior credibility interval from 31% to 129% (Tabl2Sand?26).

The median estimate of the 2020 spawning biomass is 1.1%@mtl(with a 95% posterior cred-
ibility interval from 0.550 to 2.508 million t). The estin&bf the 2019 female spawning biomass
is 1.379 (0.736-2.706) million t. This is a slightly higheedian than the 1.312 (0.471-3.601) mil-
lion t estimated in the 2019 assessment, and the credibitigyval lies well within that from the
2019 assessment.

Recruitment

The new data available for this assessment do not signifjcanange the estimated patterns of
recruitment estimated in recent assessments. Howevienaéstl recruitments for some years have
changed. For example, this year's median assessment o@fiter@cruitment is 1.8 billion more
fish (a 13% increase) than last year's assessment. Thisettiffe is largely driven by the addition
of the 2019 acoustic survey age compositions (Figuen which the proportion of age-9 fish in
2020 was higher than predicted by the 2019 assessment nieeelrgortality.

Pacific Hake appear to have low average recruitment withsiaoal large year-classes (Figugs
and 28, Tables25 and26). Very large year classes in 1980, 1984, and 1999 supporteth rof
the commercial catch from the 1980s to the mid-2000s. Frod® 202007, estimated recruitment
was at some of the lowest values in the time-series followealimoderately large 2008 year class.
The current assessment continues to estimate a very st@diigy2ar class (Figur29) comprising
70% of the coast-wide commercial catch in 2013, 64% of thet2fzitch, 70% of the 2015 catch,
33% of the 2016 catch, 37% of the 2017 catch, 23% of the 208 cand 19% of the 2019 catch.
The median estimate of the 2010 year class is just below titeekt ever (for 1980), with a 36%
probability that the 2010 year class is larger than the 12820 glass (this probability was 18% for
last year's assessment).
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The current assessment also estimates a strong 2014 yesi(figure29) comprising 50% of the
2016 catch, 38% of the 2017 catch, 27% of the 2018 catch, a¥tdd32he 2019 catch. The 2016
cohort also appears to be above average at 26% of the 2018 eait 21% of the 2019 catch.
Although the absolute size of the 2014 year class remainsrtaig, at least more so than cohorts
that have been observed for more years, five years of fisheéayasal two years of survey data
suggest that it is a strong year class. The 2016 year clastinsaged to be above average (similar
in size to the 2008 year class) from three years of fishery aladaone year of survey data. The
2017 year class was first observed by the survey in 2019 arslilmated to be about average in
size. Currently, only one year of fishery data is used to ed8rthe below-average size of the 2018
year class.

The additional data in the 2019 assessment has increaseethan estimate of the 2014 year class
to 9.401 billion fish (Table5), from the 8.467 billion estimated in the 2019 assessmeatil€r25

of Berger et al. 2010 The 2014 year class remains the fifth largest estimataditeent, albeit
with large uncertainty (Tabl26 and Figure27). The median estimate for the 2016 year class is
4.550 billion fish (2.178-10.016 billion fish; Tabl2s and26).

The model currently estimates small 2011, 2013, 2015, at8 g6ar classes (median recruitment
well below the mean of all median recruitments) and nearagef012 and 2017 year class. The
proportion of the catch that was age-1 fish in 2019 (2018 yleasgwas well below that observed
in 2018 (2017 year class) and 2017 (2016 year class; TdbleThere is little or no information
in the data to estimate the sizes of the 2019 and 2020 yeaeslaRetrospective analyses of year
class strength for young fish have shown the estimates afireeeruitment to be unreliable prior
to at least age-Hicks et al, 2013.

The estimated recruitments with uncertainty for each yedrthe overall stock recruit relationship
are provided in Figur&0. Extremely large variability about the expectation andulibe joint
uncertainty of individual recruitment and spawning biompairs are evident. High and low re-
cruitments have been produced throughout the range of wabspawning biomass (FiguBg).
The standard deviation of the time series of median recantrdeviation estimates for the years
1970-2018, which are informed by the age compositions,d88.1This value is higher than, but
consistent with, the base model value of 1.4.

Exploitation status

Median relative fishing intensity is estimated to have beelovw the SPRyy, target for all years
(Figure31 and TableR5and26). It was close to the target in 2008, 2010 and 2011, but haives
those years did not exceed the catch limits that were specifeesed on the best available science
and harvest control rules in place at the time. Exploitatraction (catch divided by biomass of
fish of age-2 and above) has shown relatively similar padt@figure32 and Table25 and26).
Although displaying similar patterns, the exploitatioadtion does not necessarily correspond to
fishing intensity because fishing intensity more directlycamts for the age-structure of both the
population and the catch. Median relative fishing intenstgstimated to have declined from
94.0% in 2010 to 47.2% in 2015, after which it increased t@%8in 2017 and has since stayed
relatively constant. The median exploitation fractionr@ased from 0.17 in 2011 to recent lows of
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0.06in 2012 and 2015, and then increased to 0.13 in 201 7ébefwling at 0.12 in 2019. Although
there is a considerable amount of imprecision around thesent estimates due to uncertainty
in recruitment and spawning biomass, the 95% posteriorilaitéy interval of relative fishing
intensity was below the SPR management target from 2012g¢hra015 (Figur&1). The median
estimates for 2016 through 2019 are below the managemeygt tdrowever the 95% posterior
credibility intervals do include the target level.

Management performance

Over the last decade (2010-2019), the mean coast-wideatidn rate (i.e., landings/quota) has
been 71.3% and catches have been below coast-wide targéte 4]. From 2015 to 2019, the
mean utilization rates differed between the United Ste&#8%00) and Canada (53.1%). In 2015,
the utilization rate for the fishery was the lowest of the pyag decade (44.1%) due, in part, to
difficulties locating aggregations of fish and possibly emuoit reasons. Before 2015, the under-
utilization in the United States was mostly a result of utized catch in the tribal apportionment,
while reports from stakeholders in Canada suggested thkat Wware less aggregated in Canada
and availability had declined. In 2016, the utilizatioreraicreased but remained below pre-2015
levels, despite the total 2016 catch being one of the higifébe preceding years. This is in large
part due to increasing catch targets as biomass continuesréase. The total utilization rate in
recent years (2017-2019) has been close to the averagehevast decade. During the last two
years, utilization rates have been stable in both the UiStates (72%) and Canada (about 61%).
Total landings last exceeded the coast-wide quota in 20@hwililization was 112%.

The median relative fishing intensity was below target iryalirs throughout the time series (Ta-
ble 25 and Figures31 and33). The median relative spawning biomass was aboveBije, ref-
erence point in all years except 1999 and 2007-2010 (T2blend Figure26 and 33). These
are also shown by phase plot of the joint history of relatpavening biomass and relative fishing
intensity (Figure33). Relative spawning biomass increased from the lows in 20010 with the
2008, 2010, 2014, and 2016 recruitments and, correspoydnedative fishing intensity has re-
mained well below target despite recent increases in tatahc While there is large uncertainty in
the 2019 estimates of relative fishing intensity and redegppawning biomass, the model estimates
a 4.3% joint probability of being both above the target retishing intensity in 2019 and below
the B4oo, relative spawning biomass level at the start of 2020.

3.5 MODEL UNCERTAINTY

The base assessment model integrates over the substawcgaiainty associated with several im-
portant model parameters including: acoustic survey ednitity (q), the magnitude of the stock
(via the logRy parameter for equilibrium recruitment), productivity betstock (via the steepness
parametem, of the stock-recruitment relationship), the rate of nalturortality (M), annual selec-
tivity for key ages, recruitment deviations, and survey fsidery data weights (via the Dirichlet-
Multinomial parameter®kis, and Bsyn). The uncertainty portrayed by the posterior distribution
is a better representation of uncertainty than the asyme@pproximations about the maximum
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likelihood estimates (MLES) because it allows for asymmégigure 21; also seeStewart et al.
2012for further discussion and examples). Note that we use the MLE even though the priors
are involved in the likelihood calculation and so the moreuaate term would be the mode of the
posterior density.

Most key derived quantities from the posterior distribatare larger than their respective MLEs
(e.g., median biomass, recruitment, and relative spawimmass), however some parameter es-
timates (e.g., steepness and catchability) are small&tg?y). Figure34 shows the MLE and
Bayesian (from MCMC) estimates as well as the skewed unngrtia the posterior distributions
for spawning biomass and recruitment for each year. Medséimates of spawning biomass and
recruitment from the posterior distribution are slighttyder than their respective MLEs. The 95%
credibility (from MCMC) and confidence (from MLE) intervats/erlap considerably, but are by
no means identical.

The Pacific Hake stock displays a very high degree of receritraariability, perhaps the largest
of any west coast groundfish stock, resulting in large anatirajpmass changes. This volatility,
coupled with a dynamic fishery that potentially targetsmsgraohorts (resulting in time-varying
selectivity), and little data to inform incoming recruitnteuntil the cohort is at least age-2, will
in most circumstances continue to result in highly uncerestimates of current stock status and
even less-certain projections of the stock trajectory.

Uncertainty measures in the base model underestimate tleuttcertainty in the current stock
status and projections because they do not account fonatiee structural models for hake pop-
ulation dynamics and fishery processes (e.g., recruitrsetdctivity, or spatial fleet or population
structure), the effects of alternative data-weightingices, and the scientific basis for prior prob-
ability distributions. To address structural uncertastithe JTC investigated a range of alternative
models, and we present the key sensitivity analyses alotigansuite of other informative sensi-
tivity analyses using maximum likelihood estimation ($&tB.98).

We also present two appendices, each highlighting Bayedi@MC results from models with
different structural assumptions or analytical choicemgared to the base model. These include
the incorporation of the age-1 survey index (Apper@)xand the use of a new analytical tool for
conducting efficient Bayesian MCMC sampling, the No-U-T@ampler (NUTSHoffman and
Gelman 2013 implemented using thednuts R packageNlonnahan and Kristensep018 Mon-
nahan et a).2019 in AppendixH. The inclusion of the age-1 survey model was chosen because
it may improve estimates of recruitment near the end of tine Beries and of age compositions
during the forecast period, even though the acoustic sulesygn is not structured specifically
for indexing age-1 fish. The model that uses the more efficientits package for conducting
MCMC allows comparison with our existing methods, a neagsdacumented first step should
adnuts be used in future Pacific Hake assessments.

The JTC continues to be committed to advancing MSE analysespordinating research with
the Pacific Hake MSE Working Group and other scientists inrdggon engaged in similar re-
search. Incorporating feedback from the Working Group dakieholders will ensure that operat-
ing models will be able to provide insight into the importgoestions defined by interested parties.
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Specifically, the development of MSE tools will evaluate anagources of uncertainty relating to
data, model structure and the harvest policy for this fisherg will compare potential methods to
address them.

3.6 REFERENCE POINTS

We report estimates of the base reference points (Esgr-40%, Baow Bmsy, and MSY) with
posterior credibility intervals in Tabl28. Only those based dfspr_409 eXxplicitly relate to target
reference points per the treaty Agreement (see Sedti®and AppendixC). The estimates are
only slightly different than the estimates in the 2019 asseEst (see also Tabgy).

As part of the DFO Sustainable Fisheries FramewbDikQ (2009 defined a limit reference point
as being a biomass below which serious harm is believed todgiing to the stock, and an upper
stock reference point above which the stock is considerdmkthealthy. These would equate to
the Agreement reference pointsBifgy, andBagy, (the female spawning biomass being 10% and
40%, respectively, of the unfished equilibrium female spagbiomass). The probabilities of
the female spawning biomass at the start of 2020 being alamled these points areB,p20 >
B1ow) = 100% and PByo20 > Baogs) = 90.1% such that the stock is estimated to be in the ‘healthy
zone’ (above the upper stock reference poinBgjo,).

With respect to DFQO’s provisional limit reference point ofiBysy and provisional upper stock
reference point of @Bysy, the probabilities are B2020 > 0.4Busy) = 100% and PBgg2o >
0.8Bmsy) = 99.8% such that the stock is estimated to be in the provisioredlthy zone’. For
completeness, we note that83020 > Busy) = 98.8%

Reference levels of stock status that are used by the U.HicPeisheries Management Coun-
cil (PFMC) includeBagy and Minimum Stock Size Threshold (MSST)Bssy,. For 2020, the
estimated posterior median relative spawning biomass %, @och that the spawning biomass
is aboveByo9, and well aboveB,sy,. The probability that spawning biomass at the beginning of
2020 is aboveBygy, is P(B2p20 > Baow) = 90.1% (as noted above), and of being ab®y, is
P(Bzozo> 825%) = 99.4%.

3.7 MODEL PROJECTIONS

The median catch limit for 2020 based on the def&ygHr_400s—40:10 harvest policy is 666,458 t,
but has a wide range of uncertainty (Fig@®, with the 95% credibility interval being 258,675—
1,588,947t.

Decision tables give projected population status (retasipawning biomass) and relative fishing
intensity under different catch alternatives for the baseleh (Tables29 and 30). The tables
are organized such that the projected outcome for each tadteatch level and year (each row)
can be evaluated across the quantiles (columns) of therpstigstribution. Table29 shows
projected relative spawning biomass outcomes, and Tablehows projected fishing intensity
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outcomes relative to the 100% target (based on SPR; seelég@ad). Population dynamics

and governing parameters assumed during the forecastdp@ctude average recruitment (no

recruitment deviation); selectivity, weight-at-age aadundity averaged over the five most recent
years (2015-2019); and all estimated parameters constatiigir estimates for each particular
MCMC sample).

Relative fishing intensity exceeding 1 (or 100% when showa psrcentage) indicates fishing in
excess of thé&spr-409, default harvest rate limit. This can happen for the mediative fishing
intensity in 2020, 2021 and 2022 because Fer-40v default harvest-rate catch limit is calcu-
lated using baseline selectivity from all years, whereasfthecasted catches are removed using
selectivity averaged over the last five years. Recent clginggelectivity will thus be reflected in
the determination of overfishing. An alternative catch levieere median relative fishing intensity
is 100% is provided for comparison (catch alternative g:101396).

Management metrics that were first identified as importahéoJoint Management Committee
(JMC) and the Advisory Panel (AP) in 2012 are presented foyegtions to 2021 and 2022 (Ta-
bles31 and32 and Figures36, 37, and38). These metrics summarize the probability of various
outcomes from the base model given each potential manageangon. Although not linear,
probabilities can be interpolated from this table for imediate catch values in 2020 (Tal3#&
and Figure37). However, interpolation is not appropriate for all catele 2021 because catch
alternatives g and h have catches that are larger than 3DO(@ constant catch for alternative e)
in 2020 but smaller than 500,000 tin 2021 (TaB@¥; this explains why a few probabilities decline
(rather than rise) with increased 2021 catch levels in TaBkend Figure38.

Figure 36 shows the predicted relative spawning biomass trajectogugh 2022 for several of
these management actions. With zero catch for the next tarsythe biomass has a probability
of 81% of decreasing from 2020 to 2021 (TaBlkand Figure37), and a probability of 63% of
decreasing from 2021 to 2022 (Tald2 and Figure38).

The probability of the spawning biomass decreasing fronD202021 is over 80% for all catch
levels, including zero (Tabld1 and Figure37). It is 95% for the 2020 catch level similar to that
for 2019 (catch alternative d). For all explored catches niaximum probability of the spawning
biomass dropping beloB1q9, at the start of 2021 is 1%, and of dropping belBygy, is 40% (Ta-
ble31and Figure37). It should be noted that forecasted abundance is not oftlyeimced by catch
levels. As the large 2010 and 2014 cohorts continue to agé,liilomass is expected to decrease
as losses from mortality outweigh increases from growthlenthe smaller but above-average and
average 2016 and 2017 cohorts will add to overall spawniombss as they mature. The below-
average 2015 and 2018 cohorts will contribute much lessrecésted spawning biomass. The
probability that the 2021 spawning biomass will be less tten2020 spawning biomass ranges
from 81% to 97% depending on the catch level (Tédland Figure37).

The age composition (in numbers) of the catch in 2020 is ptegeto be (using MCMC medians)
13% age-3 fish from the 2017 year-class, 23% age-4 fish frorhGhé year-class, 35% age-6 fish
from the 2014 year-class and 12% age-10 fish from the 2010¢jass (Figure39). However,

those estimates are highly uncertain with the 95% credtjhiliterval for the age-6 fraction span-
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ning 22%-50%. Due to the lower average weight at age-3 vergeslO, the median expected
proportion of the 2020 catch by weight is 11% for the 2017 ebfemmpared to 13% by numbers)
and 16% for the 2010 cohort (compared to 12% by numbers).

With respect to the DFO reference points, even with the &rg620 catch of 666,458 t given in
Table31, at the start of 2021 the stock is expected to be above theatizone with a probability
of P(B2o21 > B1ow) = 99% and in the healthy zone with a probability dB2p21 > Baow) = 60%.
With respect to the DFO provisional reference points (baseBysy), the the stock is expected
to be above the provisional critical zone with a probabitifyP(B2p21 > 0.4Bysy) = 99%, in the
healthy zone with a probability of(B2g21 > 0.8Bysy) = 92%, and abovBy sy with a probability
of P(82021 > BMsy) = 86%.

With respect to PFMC stock size reference points, a leved@bDZatch consistent with the Treaty
default harvest control rule (666,458 t) has a 40% estimatalolability of the biomass going below
Baow, in 2021 (13% probability of going belo®yse,; Table31). That probability decreases to 28%
and 6%, respectively, if the catch level stays about the sard@21 as in 2020.

3.8 SENSITIVITY ANALYSES

Sensitivity analyses were conducted to investigate inflaesf data inputs and structural uncer-
tainty of the base model by investigating how changes to tbdahaffected the estimated values
and derived quantities. For expediency, almost all sefityitanalyses compared MLE estimates
rather than MCMC posteriors. Therefore, the values reddsetow are not directly comparable
to the base model MCMC values reported elsewhere. For a aisopaof the base model MLE
estimates, see Tabl88-35. The sensitivities include the following:

1. Consideration of a higher standard deviation on the pligtribution for natural mortality;
2. Consideration of alternative values for steepness;

3. Assume higher/lower variation about the stock-recraitbcurve 6y);

4. Include the age-1 survey index as an additional souraef@fmation;

5. Use of the McAllister-lanelli method for data-weightjng

6. Use of the Francis method for data-weighting;

7. Consideration of alternative standard deviations foetvarying selectivity;

8. Consideration of an alternative parameterization foetivarying selectivity;

9. Removal of cohort-based ageing error from the model; and

10. Running the base model using the No-U-Turn-Sampler (8tWibffman and GelmafR2014)
within the R packagednuts (Monnahan and Kristense®018 Monnahan et al2019.
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In general, none of the sensitivities resulted in any sulbstiedeparture from the main population
dynamics of the base model; all models showed large estihiateeases in spawning biomass in
the early- to mid-2010s that continues to be driven by theéd201d the 2014 cohorts. The overall
scale of the population was impacted by various alternaisseimptions, and the highly uncertain
size of the recent large cohorts were more variable acrosstsgty analyses than earlier cohorts
which have been observed for more years.

Several key underlying structural model assumptions weeatified that have persisted across
many previous hake assessments, and thus warrant rayipginodically as a set of reference
sensitivity examinations to new base models. Those idedtliere (as noted above) include the
specification of natural mortality, the level of variatiossamed about the stock-recruitment rela-
tionship (@;), and the resiliency of the stock in terms of recruitmerggpness).

The standard deviation of the prior distribution on natunalrtality was increased from the base
model value of 0.1 to 0.2 and 0.3. Maximum likelihood estiesabf natural mortality increased
from 0.209 for the base model (prior standard deviation df th 0.238 for the sensitivity run with
the prior standard deviation set to 0.3 (TaB®. In addition to allowing a higher estimated value
for natural mortality, the broader prior & also increased the overall scale of the population, the
estimated stock status relativeBg, and the uncertainty in spawning biomass on both absolate an
relative scales (Tablg@3 and Figuregt0 and41).

The mean of the prior distribution on steepness was deatdes® 0.777 (base) to 0.5 and, sepa-
rately, steepness was fixed at 1.0. The decrease in the mdanmfor resulted in a change in the
maximum likelihood estimate of steepness from 0.854 toD(%&ble33). However, neither steep-
ness sensitivity analysis had a strong impact on the oveiadle! results (Figure40and41). The
small influence of steepness on model results is relatectetatively larges; value which allows
the recruitments to deviate far from the underlying stoegruit relationship (Figur8d0).

The value ofg; was changed from a value of 1.4 (base) to alternative high) @nd low (1.0)
states. The low values, = 1.0, resulted in a model where the standard deviation of the gt
mates of recruitment deviations in the period with the mikirmative data was 1.46, suggesting
that the data were inconsistent with the lower value,ofThe high valueg, = 1.6, resulted in a
model with a more consistent standard deviation for thereggd recruitment deviations, at 1.69.
However, the higho; model had a larger difference between the spawning biontassfished
equilibrium and the spawning biomass at the initial yeahefmodel than the low; model (Ta-
ble 33 and Figure40 and41). The method oMethot and Taylof2011) considers a combination
of the variability among the estimated deviations and theedainty around the estimates using
the formula

N o2
of = Var(f) +SE(fy)", 8)
where Vafr) is the variance among deviations and G is the standard error of each estimate. It
produced a suggesteg! of 1.55, which was similar to the base-model value of 1.4.

The sensitivity of the base model to the inclusion of the agairvey index provides an addi-
tional source of information about the recruitment of diffiet year classes (see discussion in Sec-
tion 2.2.1), which can be particularly useful for the most recent yaenen little information on
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cohort strength is otherwise available. Compared to the trexlel, estimates of spawning biomass
throughout most of the time series are similar, but do dizergar the end of the time series (Ta-
ble 33; Figures42 and43; 2020 estimates are 62.6% of unfished biomass for the basel raod
71.8% for the age-1 index model). This change is likely dubédase model overfitting the age-1
index estimates of the size of the 2005 and 2012 cohorts (Eitfl). These changes are subtle
because the base model generally tracks the trends in the iaglex well. Including the age-1
index led to a worse fit to the 2017 acoustic survey estimateaalpetter fit to the 2019 estimate
compared to the base model (Fig4e.

The sensitivity of the use of the Dirichlet-Multinomial 8khood, implemented in 2018, which
uses two estimated parameters to automatically weight efattre fishery and survey age com-
positions, has now been implemented in the base model. T$erhadel was compared to the
models that used the McAllister-lanelli and Francis methoBoth sensitivity methods require
manual iterative adjustments to the input sample sizegusoterived multiplier. The McAllister-
lanelli method, which was used in assessments prior to 28t8mpts to make the arithmetic
mean of the input sample size approximately equal to the twaicrmean of the effective sample
size. The Francis method attempts to make the fit of the eggdentan age lie within the uncer-
tainty intervals at a rate which is consistent with varidp#xpected based on the adjusted sample
sizes. The Dirichlet-Multinomial method estimated highezights on the age compositions but
generally very similar results to the McAllister-lanelliethod. The McAllister-lanelli method led
to increased uncertainty in estimates of early recruitsientnpared to other weighting methods
(Figure4b). The Francis method increased the weighting of the fishemyposition data resulting
in a similar time series of biomass, though slightly reduredcale. As noted in Sectiah4.4
the Francis method is known to be sensitive to outliers ammthgto convergence issues when
selectivity is time-varying, as it is in this assessment.

Two types of alternative setups for selectivity were exptbm sensitivity analyses: alternative
values of thed parameter controlling the degree of flexibility of annuatigaon in the fishery
selectivity and an alternative “semi-parametric” parameation of the time-varying selectivity
(Figures46-50).

The consideration of alternative standard deviatiabsfor time-varying selectivity is discussed
earlier in Sectior?2.4.3 Changing the values of the parametecontrolling the flexibility in time-
varying selectivity from the base model value®t 1.40 to alternative values of 0.21, 0.70, and
2.10, did not appreciably influence the estimates, or pi@tigassociated with recruitment in 2014
(Figure 48). However, recruitment estimates for 2017 are linked todheice of®, where the
model with the smallesb at 0.21 estimates the 2017 recruitment deviation as theskigif thed
sensitivity models (Figurd9) and provides the worst fit of the most recent survey biomstinate
(Figure50).

The alternative “semi-parametric” setup for selectiviggbd on the work oXu et al.(2019 differs
from the status-quo approach in that the deviations areexpial the resulting selectivity estimates,
not to the original parameters, and the resulting selégtogive is no longer constrained between
0 and 1 (Figurél). That is, the deviations are no longer applied as shownuatgon (4), but as

Pacific Hake assessment 2020 66 Sec8enAssessment



exponential multipliers on the baseline selectivity

Sy = S expl€ay) 9)

where theS,y are derived as described in equations (1)-(3),lyeare the selectivity deviations,
Os is the parameter which controls the variability in the déwias (equivalent tab in the base
model parameterization), and the likelihood contribufrthe g5y parameters is from treating the
deviations as normal random variables with standard deviat, N(O, 05).

This alternative parameterization was expected to redoigelation among the deviation parame-
ters, because a positive deviation at a younger age no léeags to a rescaling of the selectivity
pattern at all ages.

Indeed, there are no pairs of time-varying selectivity dgen parameters with correlations above
0.7 or below -0.7 in the semi-parametric model that mostetjosiatched the base model. This is
in contrast to the base model, which had 38 pairs with cdrogia above 0.7 or below -0.7.

Both models with alternativers parametersds = 0.695 andos = 1.0) had higher estimates of
2016 and 2017 recruitment compared to the base model, aragl th€.695 model had a visibly
worse fit to the recent survey biomass estimates (Figh8ex0). Relying on the subjective choice
of os = 1.0 removed one of the potential benefits of the semi-paramapproach. Given that
an MCMC chain of 24-million samples has been adequate tocowes the inefficient sampling
caused by high parameter correlations in past assessrienisarameter selectivity was kept as
before for this assessment.

The impact of assuming a time-invariant ageing error veostead of a cohort-based ageing error
matrix (as in the base model) was evaluated. The largesgelsalo model results are associated
with estimates of equilibrium unfished biomass (Té@8@nd Figures2) and thus relative spawning
biomass (Figuré3). These differences stem from the population model beistrioted in the
time-invariant case to fitting age-composition data withaisnary level of measurement error
associated with each age.

The impact of using the NUTS MCMC algorithm (Tal36) is discussed in detail in Appendktk

An additional sensitivity run arising from the Scientific\R&w Group meeting held from 25th
February to 28nd February 2020 related to input samplesizedumented in AppendB. Briefly,
arbitrarily decreasing the weight of recent fishery ageoosition data by taking the square root
of the input sample size led to similar estimates of the retrend in spawning biomass but dif-
ferences in stock status because of more optimistic essdtthe stock at unfished equilibrium.
Further responses to other SRG requests are also given ienfipB.

3.9 RETROSPECTIVE ANALYSES

Retrospective analyses were performed by iteratively xémgothe terminal years’ data and esti-
mating the parameters under the assumptions of the basd.moldels with 4, 5, or 6 years of
data removed had information available regarding the |29 year class, but did not yet have
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information on the 2014 year class (Figi4). Models with 1 and 2 years of data removed were
just beginning to receive data on age-3 and age-2, respbgtimdividuals to predict the size of
the 2014 year class. The base model now has five years of destinmate the size of the 2014
cohort, and the uncertainty around this estimate has besidarably reduced compared to three
years ago (Figur4).

Overall, there is little retrospective change to the reaspawning biomass trajectory up to the
mid-2010s, and most retrospective change occurs in the yeels of the retrospective model

(Figure54). In the previous assessment, the retrospective bias edsminately positive in these

terminal years. In this assessment the bias is a mix of bositiyp® and negative biases with

no systematic pattern indicating that the model is moreectly specified than one that shows a
pattern.

Cohort strength is not well estimated until severali{9) years of fishery catch-at-age data and
survey age-composition data have been collected (FighreDeviations for the 1999 and 2010
cohorts, which are the largest cohorts, exhibit the largesttive biases, and the sizes of several
cohorts (particularly the large 2010 and 2014 cohorts)ease with the final year of data. Esti-
mated recruitment deviations for the 2014 cohort are abow@008 and 1999 cohorts at a similar
point in time. The variability among cohort estimates rigkato their estimated size in the base
model (Figure56) further indicates that the estimates can start to impreveaaly as age-3, but
some estimates of cohort strength may not stabilize urgictthort approaches an age upward of
7 years old. The lack of systematic bias in the assessmanitgesuld be because both of the
largest cohorts are now older than 7 years old. This illtesr¢ghat multiple observations of each
cohort are needed in order to more accurately determinerguitment strength.

A comparison of the actual assessment models used in eackigea 1991 is shown in Figu&s.
There have been substantial differences in the structgsalmaptions of the models and, thus,
results submitted each year. The variability between mazielits, especially early on in the time
series, is larger than the uncertainty (95% credibilitgmgl) reported from any single model in
recent years. Prior to 2004, survey catchability was fixetl @iand this assumption was heavily
investigated between 2004 and 2007, leading to variabilitpodel results because of the use of
several different, but fixed, survey catchability. Sinc@&0catchability has been freely estimated
by the model. The fixing of survey catchability had the effettriving the estimate of initial
biomass upward, which in turn scaled the entire biomassdi@jy up, leading to higher estimates
of relative spawning biomass than in more recent assessnidm median estimates of spawning
biomass for recent years have remained similar to the pie\assessment but declined relative to
the 2015-2017 assessments. The difference is most likiglieteto the recent under-fitting of the
2017 survey estimate of biomass despite the consistentyisttucture of the assessment model
in recent years. The uncertainty interval associated Wwil2020 assessment brackets the majority
of the historical estimates.
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4 RESEARCH AND DATA NEEDS

There are many research projects that could improve thé& ssessment for Pacific Hake. The
following prioritized list of topics will lead to improvediblogical understanding and decision-
making:

1. Continue investigation of links between hake biomassitnspatial distribution, and how
these links vary with ocean conditions and ecosystem asach as temperature and prey
availability. These investigations have the potentialnipiove the scenarios considered in
future management strategy evaluation (MSE) work as wgbragiding a better basic un-
derstanding of drivers of hake population dynamics andabiity to fisheries and surveys.
Related, there is a need to streamline the availability oflpcts from oceanographic models
(e.g., Regional Ocean Modeling System; ROMS) so that theybeaused on a reoccurring
basis as informative links in operational stock assesssnent

2. Use and build upon the existing MSE framework to evaluaagnsources of uncertainty
relating to data, model structure and the harvest policyHir fishery, and compare poten-
tial methods to address them. Incorporate the feedback ifnterested parties into further
development of operating and/or estimation models, thnahg Pacific Hake MSE Working
Group.

3. Continue to conduct research to improve the acoustiegwstimates of age and abundance.
This includes, but is not limited to, species identificatitarget verification, target strength,
directionality of survey, and alternative technologieassist in the survey, as well as im-
proved and more efficient analysis methods. Apply bootpirap(or related) methods to the
acoustic survey time series to incorporate more of the aglienncertainties into the survey
variance calculations. These factors include the targength relationship, subjective scor-
ing of echograms, thresholding methods, the species-mixdamographic estimates used
to interpret the acoustic backscatter, and others. Comtmwork with acousticians and sur-
vey personnel from the Northwest Fisheries Science Centkfram Fisheries and Oceans
Canada to determine an optimal design, including desigatsriborporate ecosystem-based
factors and other potential target species (e.g., rockéisphausiids, and mesopelagics) for
the Joint U.S./Canada acoustic survey. Develop transpanelrepeatable methods to allow
for the availability of biomass and age composition esteaab the JTC in a timely manner
after a survey is completed.

4. Explore alternative approaches and related assumpfiiwngarameterizing time-varying
fishery selectivity in the assessment.

5. Continue investigations into Pacific Hake fecundity amaturity, including trying to un-
derstand links between fecundity and size, age, weight,batch spawning, as well as
spatio-temporal variability in the timing of spawning, glspawning, batch fecundity, and
size and age at maturity. Additionally, a more spatially poemensive maturity analyses
that incorporates information from Canadian samples wbalddvantageous.
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. Explore potential recruitment indices for juvenile orupg (0 and/or 1 year old) Pacific
Hake, including further investigations into survey opsprefinements and analyses, as well
as environmental linkages to recruitment. Also invesggdternative ways to model and
forecast recruitment, given the uncertainty present.

7. Update ageing error calculations using information freeoent double reads and inter-
laboratory ageing comparisons. This would include updatimmation about ageing im-
precision and the effects of large cohorts via simulatiahlzZimd source age-reading of sam-
ples with differing underlying age distributions — with amithout dominant year classes.
The last inter-laboratory comparison was done in 2010 (EABxchanges), so another
exchange program is needed to obtain the best current lalaiildormation on ageing error.

8. Continue to collect and analyze life-history data, idahg weight, maturity, and fecundity
for Pacific Hake. Explore possible relationships amongeH#s-history traits including
time-varying changes as well as with body growth and popradensity. Continue to
explore the possibility of using additional data types (sas length data) within the stock
assessment.

9. Maintain the flexibility to undertake additional acoassurveys for Pacific Hake in non-
survey years when uncertainty in the results of the stocksassgent presents a potential risk
to or underutilization of the stock.

10. Consider alternative methods for refining existing pdistributions for natural mortality
(M), including the use of meta-analytic methods.

11. Explore the potential to use acoustic data collected rommercial fishing vessels to study
hake distributions, schooling patterns, and other questa interest. This could be simi-
lar to the “acoustic vessels of opportunity” program on fighwessels targeting Pollock in
Alaska Stienessen et akR019.
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7 TABLES

Table 1. Annual catches of Pacific Hake (t) in U.S. waters by sectd@612019. Tribal catches are included
in the sector totals. Research catch includes landed csscitiated with research-related activities. Catch
associated with surveys and discarded bycatch in fisheoiegrgeting hake is not currently included in
the table or model.

Year Foreign JV  Mothership Catcher-Processor Shore-based Research Total
1966 137,000 0 0 0 0 0 137,000
1967 168,700 0 0 0 8,960 0 177,660
1968 60,660 0 0 0 160 0 60,820
1969 86,190 0 0 0 90 0 86,280
1970 159,510 0 0 0 70 0 159,580
1971 126,490 0 0 0 1,430 0 127,920
1972 74,090 0 0 0 40 0 74,130
1973 147,440 0 0 0 70 0 147,510
1974 194,110 0 0 0 0 0 194,110
1975 205,650 0 0 0 0 0 205,650
1976 231,330 0 0 0 220 0 231,550
1977 127,010 0 0 0 490 0 127,500
1978 96,827 860 0 0 690 0 98,377
1979 114,910 8,830 0 0 940 0 124,680
1980 44,023 27,537 0 0 790 0 72,350
1981 70,365 43,557 0 0 838 0 114,760
1982 7,089 67,465 0 0 1,027 0 75,581
1983 0 72,100 0 0 1,051 0 73,151
1984 14,772 78,889 0 0 2,721 0 96,382
1985 49,853 31,692 0 0 3,894 0 85,439
1986 69,861 81,640 0 0 3,465 0 154,966
1987 49,656 105,997 0 0 4,795 0 160,448
1988 18,041 135,781 0 0 6,867 0 160,690
1989 0 195,636 0 0 7,414 0 203,050
1990 0 170,972 0 4,537 9,632 0 185,142
1991 0 0 86,408 119,411 23,970 0 229,789
1992 0 0 36,721 117,981 56,127 0 210,829
1993 0 0 14,558 83,466 42,108 0 140,132
1994 0 0 93,610 86,251 73,616 0 253,477
1995 0 0 40,805 61,357 74,962 0 177,124
1996 0 0 62,098 65,933 85,128 0 213,159
1997 0 0 75,128 70,832 87,416 0 233,376
1998 0 0 74,686 70,377 87,856 0 232,920
1999 0 0 73,440 67,655 83,470 0 224,565
2000 0 0 53,110 67,805 85,854 0 206,770
2001 0 0 41,901 58,628 73,412 0 173,940
2002 0 0 48,404 36,342 45,708 0 130,453
2003 0 0 45,396 41,214 55,335 0 141,945
2004 0 0 47,561 73,176 96,503 0 217,240
2005 0 0 72,178 78,890 109,052 0 260,120
2006 0 0 60,926 78,864 127,165 0 266,955
2007 0 0 52,977 73,263 91,441 0 217,682
2008 0 0 72,440 108,195 67,861 0 248,496
2009 0 0 37,550 34,552 49,222 0 121,324
2010 0 0 52,022 54,284 64,736 0 171,043
2011 0 0 56,394 71,678 102,146 1,042 231,261
2012 0 0 38,512 55,264 65,919 448 160,144
2013 0 0 52,470 77,950 102,141 1,018 233,578
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2014
2015
2016
2017
2018
2019

cNoloNoNeoNe)

ceoloNoNoNe)

62,102
27,665
65,036
66,428
67,121
52,646

103,203

68,484
108,786
136,960
116,073
116,146

98,640
58,011
87,760
150,841
135,112
148,211

197 264,141
0 154,160
745 262,327
0 354,229
0 318,306
0 317,003

Table 2. Annual catches of Pacific Hake (t) in Canadian waters by set®66-2019.

Year Foreign JV Shoreside Freezer-trawl Total
1966 700 0 0 0 700
1967 36,710 0 0 0 36,710
1968 61,360 0 0 0 61,360
1969 93,850 0 0 0 93,850
1970 75,010 0 0 0 75,010
1971 26,700 0 0 0 26,700
1972 43,410 0 0 0 43,410
1973 15,130 0 0 0 15,130
1974 17,150 0 0 0 17,150
1975 15,700 0 0 0 15,700
1976 5,970 0 0 0 5,970
1977 5,190 0 0 0 5,190
1978 3,450 1,810 0 0 5,260
1979 7,900 4,230 300 0 12,430
1980 5,270 12,210 100 0 17,580
1981 3,920 17,160 3,280 0 24,360
1982 12,480 19,680 0 0 32,160
1983 13,120 27,660 0 0 40,780
1984 13,200 28,910 0 0 42,110
1985 10,530 13,240 1,190 0 24,960
1986 23,740 30,140 1,770 0 55,650
1987 21,450 48,080 4,170 0 73,700
1988 38,080 49,240 830 0 88,150
1989 29,750 62,718 2,562 0 95,029
1990 3,810 68,314 4,021 0 76,144
1991 5,610 68,133 16,174 0 89,917
1992 0 68,779 20,043 0 88,822
1993 0 46,422 12,352 0 58,773
1994 0 85,154 23,776 0 108,930
1995 0 26,191 46,181 0 72,372
1996 0 66,779 26,360 0 93,139
1997 0 42,544 49,227 0 91,771
1998 0 39,728 48,074 0 87,802
1999 0 17,201 70,121 0 87,322
2000 0 15,625 6,382 0 22,007
2001 0 21,650 31,935 0 53,585
2002 0 0 50,244 0 50,244
2003 0 0 63,217 0 63,217
2004 0 58,892 66,175 0 125,067
2005 0 15,695 77,335 9,985 103,014
2006 0 14,319 65,289 15,136 94,744
2007 0 6,820 52,624 14,122 73,566
2008 0 3,592 57,799 13,214 74,605
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2009 0 0 44,136 13,223 57,359
2010 0 8,081 35,362 13,573 57,016
2011 0 9,717 31,760 14,596 56,073
2012 0 0 32,147 14912 47,059
2013 0 0 33,665 18,584 52,249
2014 0 0 13,326 21,792 35,118
2015 0 0 16,775 22,909 39,684
2016 0 0 35,012 34,731 69,743
2017 0 5,608 43,427 37,686 86,721
2018 0 2,724 50,747 41,942 95,413
2019 0 0 50,330 43,950 94,280

Table 3. Total U.S., Canadian and coast-wide catches of Pacific Haken 1966-2019. The percentage
of the total catch from each country’s waters is also given.

Year Total U.S. Total Canada Total coastwide PercentU.S. PReent Canada

1966 137,000 700 137,700 99.5 0.5
1967 177,660 36,710 214,370 82.9 17.1
1968 60,820 61,360 122,180 49.8 50.2
1969 86,280 93,850 180,130 47.9 52.1
1970 159,580 75,010 234,590 68.0 32.0
1971 127,920 26,700 154,620 82.7 17.3
1972 74,130 43,410 117,540 63.1 36.9
1973 147,510 15,130 162,640 90.7 9.3
1974 194,110 17,150 211,260 91.9 8.1
1975 205,650 15,700 221,350 92.9 7.1
1976 231,550 5,970 237,520 97.5 2.5
1977 127,500 5,190 132,690 96.1 3.9
1978 98,377 5,260 103,637 94.9 5.1
1979 124,680 12,430 137,110 90.9 9.1
1980 72,350 17,580 89,930 80.5 19.5
1981 114,760 24,360 139,120 82.5 17.5
1982 75,581 32,160 107,741 70.2 29.8
1983 73,151 40,780 113,931 64.2 35.8
1984 96,382 42,110 138,492 69.6 30.4
1985 85,439 24,960 110,399 77.4 22.6
1986 154,966 55,650 210,616 73.6 26.4
1987 160,448 73,700 234,148 68.5 31.5
1988 160,690 88,150 248,840 64.6 35.4
1989 203,050 95,029 298,079 68.1 31.9
1990 185,142 76,144 261,286 70.9 29.1
1991 229,789 89,917 319,705 71.9 28.1
1992 210,829 88,822 299,650 70.4 29.6
1993 140,132 58,773 198,905 70.5 29.5
1994 253,477 108,930 362,407 69.9 30.1
1995 177,124 72,372 249,495 71.0 29.0
1996 213,159 93,139 306,299 69.6 30.4
1997 233,376 91,771 325,147 71.8 28.2
1998 232,920 87,802 320,722 72.6 27.4
1999 224,565 87,322 311,887 72.0 28.0
2000 206,770 22,007 228,777 90.4 9.6
2001 173,940 53,585 227,525 76.4 23.6
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2002 130,453 50,244 180,697 72.2 27.8

2003 141,945 63,217 205,162 69.2 30.8
2004 217,240 125,067 342,307 63.5 36.5
2005 260,120 103,014 363,135 71.6 28.4
2006 266,955 94,744 361,699 73.8 26.2
2007 217,682 73,566 291,247 74.7 25.3
2008 248,496 74,605 323,101 76.9 23.1
2009 121,324 57,359 178,683 67.9 32.1
2010 171,043 57,016 228,059 75.0 25.0
2011 231,261 56,073 287,334 80.5 19.5
2012 160,144 47,059 207,203 77.3 22.7
2013 233,578 52,249 285,828 81.7 18.3
2014 264,141 35,118 299,259 88.3 11.7
2015 154,160 39,684 193,844 79.5 20.5
2016 262,327 69,743 332,070 79.0 21.0
2017 354,229 86,721 440,950 80.3 19.7
2018 318,306 95,413 413,719 76.9 23.1
2019 317,003 94,280 411,283 77.1 22.9

Table 4. Recent trends in Pacific Hake landings and management aleisi

u.s. Canada Total
US. Canada Total Coast-wide u.s. Canada  proportion  proportion  proportion
Year landings () landings () landings (0 catch catch catch of catch of catch of catch
target (t) target (t)  target (t) target target target
removed removed removed
2010 171,043 57,016 228,059 262,500 193,935 68,565 88.2% .2%83 86.9%
2011 231,261 56,073 287,334 393,751 290,903 102,848 79.5% 4.5%b 73.0%
2012 160,144 47,059 207,203 251,809 186,036 65,773 86.1% 5%71 82.3%
2013 233,578 52,249 285,828 365,112 269,745 95,367 86.6% .8%b4 78.3%
2014 264,141 35,118 299,259 428,000 316,206 111,794 83.5% 1.4%3 69.9%
2015 154,160 39,684 193,844 440,000 325,072 114,928 47.4%  4.5%3 44.1%
2016 262,327 69,743 332,070 497,500 367,553 129,947 71.4% 3.7%b 66.7%
2017 354,229 86,721 440,950 597,500 441,433 156,067 80.2% 5.6%b 73.8%
2018 318,306 95,413 413,719 597,500 441,433 156,067 72.1% 1.1%6 69.2%
2019 317,003 94,280 411,283 597,500 441,433 156,067 71.8% 0.49%6 68.8%

Pacific Hake assessment 2020 81 SecTienlables



Table 5. Annual summary of U.S. and Canadian fishery sampling includehis stock assessment. Cana-
dian, foreign, joint-venture and at-sea sectors are in murnbhauls sampled for age-composition, the
shore-based sector is in number of trips. A dash (-) indictitere was no sampled catch. A number
indicates how many samples from the catch were taken. Théeuof fish with otoliths sampled per
haul has varied over time but is typically small (currenttpools for the U.S. At-Sea sectors is three fish
every third haul).

u.s. Canada
Combined
. Mother- .
. Joint- Mother- . Catcher- Shore- . Joint- . Freezer

Year Foreign . ship Foreign Shoreside

Venture ship processor  based Venture ) Trawlers

(hauls) Catcher- . (hauls) (trips)
(hauls) (hauls) (hauls) (trips) (hauls) (hauls)
processor
(hauls)

1975 13 - - - - 0 0 - - -
1976 142 - - - - 0 0 - - -
1977 320 - - - - 0 0 - - -
1978 336 5 - - - 0 0 0 - -
1979 99 17 - - - 0 0 0 0 -
1980 191 30 - - - 0 0 0 0 -
1981 113 41 - - - 0 0 0 0 -
1982 52 118 - - - 0 0 0 - -
1983 - 117 - - - 0 0 0 - -
1984 49 74 - - - 0 0 0 - -
1985 37 19 - - - 0 0 0 0 -
1986 88 32 - - - 0 0 0 0 -
1987 22 34 - - - 0 0 0 0 -
1988 39 42 - - - 0 0 3 0 -
1989 - 77 - - - 0 0 3 0 -
1990 - 143 - 0 - 15 0 5 0 -
1991 - - - 116 - 26 0 18 0 -
1992 - - - 164 - 46 - 33 0 -
1993 - - - 108 - 36 - 25 3 -
1994 - - - 143 - 50 - 41 1 -
1995 - — - 61 - 51 — 35 3 -
1996 - - - 123 - 35 - 28 1 -
1997 - — - 127 - 65 — 27 1 -
1998 - - - 149 - 64 - 21 9 -
1999 - - - 389 - 80 - 14 26 -
2000 - - - 413 - 91 - 25 1 -
2001 - - - 429 - 82 - 28 1 -
2002 - - - 342 - 71 - - 36 -
2003 - - - 358 - 78 - - 20 -
2004 - - - 381 - 72 - 20 28 -
2005 - — - 499 - 58 — 11 31 14
2006 - - - 549 - 83 - 21 21 46
2007 - - - 524 - 68 - 1 7 29
2008 - - 324 - 356 63 - 0 20 31
2009 - - 316 - 278 65 - - 7 19
2010 - - 443 - 331 75 - 0 8 17
2011 - — 481 — 506 81 — 2 4 7
2012 - - 299 - 332 76 - - 43 101
2013 - - 409 - 474 96 - - 10 105
2014 - - 423 - 557 68 - - 26 79
2015 - - 203 - 431 84 - - 6 74
2016 - - 502 - 671 76 - - 75 116
2017 - — 353 — 684 112 — — 75 76
2018 - - 403 - 549 92 - - 47 83
2019 - - 286 - 494 92 - - 48 81
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Table 6. Recent age proportion data used in the assessment for theCdt&er-Processor fleet. Proportions are calculated frombers of
individuals in each age group. Age 15 is an accumulator group

Year N(;Jfrﬁgﬁ ' I(\)Ifu rrngsr Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2010 976 331 0.00 1391 830 4194 2931 127 142 0.06 0.3 .81 0.32 0.00 0.09 0.05
2011 1,185 506 6.92 16.79 53.03 183 912 722 147 069 033 0.04 1.79 0.23 0.09 0.09
2012 981 332 0.00 5041 994 2382 295 530 272 164 078 A7 049 056 0.33 031
2013 1,402 474 0.10 0.51 7204 712 1380 150 119 144 086 (@0.24 0.10 0.07 0.44 0.24
2014 1,652 557 0.00 4.13 517 7141 598 889 089 203 084 0.09 0.00 0.00 0.09 0.00
2015 1,263 431 349 166 755 345 7645 320 216 033 0.42 0.00 0.12 0.12 0.00 0.15
2016 1,995 671 040 5287 237 557 223 3131 156 206 0.7 10.44 0.20 0.00 0.04 0.00
2017 2,026 684 1.75 0.87 50.75 236 499 3.08 28.79 3.01 2117 10.25 058 0.17 0.00 0.12
2018 1,162 549 542 3576 105 26.03 214 265 269 1936 256 0.28 040 0.29 0.10 0.07
2019 1,190 494 0.00 6.84 2500 135 39.00 148 409 181 1714 0.84 045 0.05 0.16 0.38
Table 7. Recent age proportion data used in the assessment for thdlotership fleet. Proportions are calculated from numbémsdividuals in
each age group. Age 15 is an accumulator group.
Year N(;ﬂ}gﬁ ' '(\)‘]E‘ H;%Tsr Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2010 1,305 443 0.00 4159 135 36.69 1281 132 189 0.38 @A5 227 039 0.04 0.12 0.00
2011 1,153 481 4.12 1525 7204 268 356 160 020 0.11 O0.1@8 ®0.11 0.11 0.03 0.03 0.02
2012 884 299 0.70 76.44 588 1309 134 084 087 032 000 OO9 0.04 0.10 0.07 0.12
2013 1,215 409 0.00 1.19 8316 452 751 025 09 118 0.1® 00.15 0.05 0.23 0.35 0.14
2014 1,252 423 0.00 501 350 7463 475 751 101 128 1082 00.11 0.08 0.00 0.14 0.47
2015 601 203 181 0.65 1041 477 7142 400 4.13 1.07 0.6 0O&9 0.00 0.00 0.00 0.00
2016 1,495 502 053 5925 145 510 244 2682 154 192 0.3 ®0.09 0.15 0.00 0.00 0.00
2017 1,054 353 7.78 0.77 5120 221 341 128 2773 188 1.9 (.08 0.81 0.19 0.16 0.06
2018 818 403 17.23 26.16 193 2724 069 231 1.75 1691 33X 1052 0.33 0.20 0.34 0.06
2019 824 286 0.00 15.17 2036 094 3652 124 401 161 1656 11.08 0.44 0.50 0.15 0.01
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Table 8. Recent age proportion data used in the assessment for th&hbf&-Based fleet. Proportions are calculated from nusrddendividuals in
each age group. Age 15 is an accumulator group.

Year N(;Jfrﬁgﬁ ' No??iggr Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2010 1,584 75 0.09 3290 193 37.37 16.29 164 296 0.14 O0.68l 13.87 0.70 0.14 0.00 0.31
2011 1,599 8l 0.05 270 8698 342 3.00 168 041 054 0.36 VOO0 0.56 0.09 0.00 0.05
2012 1,522 76 0.00 2291 1892 51.10 152 239 118 0.66 0.2% .00 0.33 0.23 0.20 0.22
2013 1,915 96 0.00 0.37 79.28 593 978 0.67 138 1.02 0.36/ (0313 0.04 0.09 0.31 0.27
2014 1,355 68 0.00 2.18 3.00 63.95 841 1520 132 244 1.7 (0.23 0.00 0.20 0.20 0.51
2015 1,680 84 598 133 743 492 6734 406 508 0.78 1.088 1024 0.17 0.00 0.00 0.32
2016 1,518 76 0.11 6536 141 327 156 2209 160 270 0.72 (0.31 0.27 0.14 0.10 0.08
2017 2,236 112 3.68 0.70 3537 263 366 251 43.02 290 2.1 10.64 053 0.27 0.11 0.20
2018 1,835 92 7.71 2781 174 3141 124 240 261 19.17 2.6% 1085 0.49 0.40 0.15 0.05
2019 1,826 92 0.00 17.23 2196 090 30.78 184 336 1.87 161/ 1.77 0.80 0.56 0.32 0.33
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Table 9. Recent age proportion data used in the assessment for tlaeli@arshoreside fleet. Proportions are calculated from eusrdf individuals

in each age group. Age 15 is an accumulator group.

Year No?mggr Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2010 8 0.00 0.07v 093 10.17 3759 752 865 160 091 1.76625307 190 0.15 0.14
2011 4 000 0.00 6381 288 1262 9.00 283 311 023 191 B3 025 047 0.01
2012 43 0.00 0.84 11.29 54.02 530 13.07 541 221 156 0.8109 1021 252 0.29 1.38
2013 10 0.00 0.00 136 470 433 226 26.17 799 457 14151 2P0 4.36 2483 1.87
2014 26 0.00 0.00 0.19 1491 12.60 2394 8.97 1468 890 1.8%80 40.56 0.46 0.90 7.62
2015 6 279 000 112 264 6349 813 1152 131 561 185 (BB 0.00 0.34 0.68
2016 75 0.00 500 025 277 254 6991 918 857 0.72 044 (I 0.14 0.02 0.14
2017 75 693 033 781 172 3.00 7.30 4805 13.30 6.94 1335 11219 0.14 0.15 0.55
2018 47 048 512 194 2224 120 450 594 3573 1237 4453 2.17 092 1.17 0.26
2019 48 0.00 14.30 11.60 2.62 28.74 226 433 251 2584 2915 31.23 0.51 0.00 0.00

Table 10. Recent age proportion data used in the assessment for tlali@ar-reezer-Trawler fleet

individuals in each age group. Age 15 is an accumulator group

. Proportions are calculatech inumbers of

Year l(\)lfu E;%?sr Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2010 17 0.00 425 4.24 31.07 2560 6.09 411 202 259 3.24111.3.43 0.63 0.67 0.70
2011 7 000 000 529 135 23.76 28.49 1097 4.07 103 1777 21352 190 1.19 2.39
2012 101 0.00 0.05 290 25.18 6.26 29.03 13.78 349 385 10831 1180 824 195 1.09
2013 105 0.00 0.00 2.77 584 18.09 5.89 18.86 13.11 5.48 5506 22.73 4.15 11.67 3.77
2014 79 0.00 0.00 097 13.25 10.05 2460 536 14.17 7.62 47718 3144 193 2.08 10.56
2015 74 0.00 028 259 267 5875 1233 11.62 3.20 3.84 2.281 0.0.64 0.15 0.25 0.62
2016 116 0.16 484 196 429 6.93 5754 906 825 207 2379 1.p53 0.14 0.12 0.44
2017 76 0.00 058 730 242 547 5.07 4997 1228 9.77 2370 2337 0.21 0.19 0.50
2018 83 0.10 467 054 1773 261 391 507 4554 942 5372 2897 0.71 0.61 0.23
2019 81 0.05 17.09 15.62 4.11 19.02 236 3.96 520 23.39 5347 2061 0.36 0.46 0.00
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Table 11. Aggregated fishery age proportion data used in the base mBadgdortions are calculated from numbers of individualeaoh age group
where the contributions from each sector are weighted bygdheh in that sector. Sample sizes are sum of hauls and topsindividual sectors
(shown in preceding tables) as described in Se@idr2 Age 15 is an accumulator group for comparing observed apdat&d proportions.

Year olf\ls ;nn?rig s Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1975 13 461 33.85 7.43 1.25 25.40 5.55 8.03 10.54 0.95 0.6087 0. 0.45 0.00 0.48 0.00
1976 142 0.08 1.34 14.47 6.74 4,10 24.58 9.77 8.90 12.10 5.43.30 4 4.08 1.07 236 0.69
1977 320 0.00 8.45 3.68 27.47 3.59 9.11 22.68 7.60 6.54 40255 3. 2.31 0.57 031 0.12
1978 341 0.47 1.11 6.51 6.31 26.42 6.09 8.87 21.50 9.78 47168 4. 2.34 052 035 0.34
1979 116 0.00 6.49 10.24 9.38 572 17.67 1026 17.37 12.76 8 4.12.88 0.96 1.65 0.00 0.45
1980 221 0.15 0.54 30.09 1.86 4.49 8.16 11.23 5.01 8.94 11.08.46 9 2.63 3.79 152 107
1981 154  19.49 4.03 1.40 26.73 3.90 5.55 3.38 14.67 3.77 3.10.181 231 0.50 0.16 0.72
1982 170 0.00 32.05 3.52 0.49 27.35 1.53 3.68 3.89 11.76 3.27.61 3 7.65 0.24 0.30 0.66
1983 117 0.00 0.00 34.14 4.00 1.82 23.46 5.13 5.65 5.30 9.3891 3. 3.13 226 113 0.69
1984 123 0.00 0.00 1.39 61.90 3.62 3.85 16.78 2.85 1.51 1.24 34 3. 0.92 059 144 0.56
1985 57 0.92 0.11 0.35 7.24  66.75 8.41 5.60 7.11 2.04 0.53 0.68.25 0.00 0.00 0.03
1986 120 0.00 15.34 5.38 0.53 0.76  43.63 6.90 8.15 8.26 21982 2. 1.83 3.13 046 061
1987 56 0.00 0.00 29.58 2.90 0.14 1.01 53.26 0.40 1.25 7.09 0 0.00.74 1.86 1.76 0.00
1988 84 0.00 0.65 0.07 32.28 0.98 1.45 0.66  46.05 1.35 0.84 4810. 0.79 0.05 0.07 4.28
1989 80 0.00 5.62 2.43 0.29 50.21 1.26 0.29 0.08 35.19 1.80 0 0.42.32 0.08 0.00 0.04
1990 163 0.00 5.19 20.56 1.88 0.59 31.35 0.51 0.20 0.04 31.90.30 0 0.07 6.41 0.00 0.99
1991 160 0.00 3.46 20.37 19.63 2.52 0.79 28.26 1.18 0.14 0.18.691 0.42 0.00 361 0.74
1992 243 0.46 4.24 430 13.05 18.59 2.27 1.04 33.93 0.77 0.08.34 0 18.05 0.41 0.04 243
1993 172 0.00 1.05 23.24 3.26 1298 15.67 1.50 0.81 27.42 0.60.09 0.12 12,00 0.05 1.13
1994 235 0.00 0.04 2.83 21.39 1.27 12.63 18.69 157 0.57 29.90.26 0.28 0.02 9.63 091
1995 147 0.62 1.28 0.47 6.31 28.97 1.15 8.05 20.27 1.58 0.22.4222 0.44 0.45 0.04 7.74
1996 186 0.00 18.28 16.24 1.51 7.74 18.14 1.00 491 10.98 0.58.35 15.72 0.01 0.11 4.44
1997 220 0.00 0.74 29.47 24.95 1.47 7.84 1249 1.80 3.98 6.67.28 1 0.22 6.08 0.73 228
1998 243 0.02 478 20.34 20.29 26.60 2.87 5.41 9.31 0.92 1.56.90 3 0.35 0.09 294 0.63
1999 509 0.06 10.24 20.36 17.98 20.06 13.20 2.69 3.93 4.01 9 0.91.54 2.14 0.39 0.33 207
2000 530 1.00 422 1094 1429 1288 21.06 13.12 6.55 465 1 2.52.07 231 129 072 241
2001 540 0.00 17.34 16.25 1425 15.68 856 12.10 5.99 1.78 3 2.21.81 0.70 142 068 1.21
2002 449 0.00 0.03 50.64 1493 9.69 5.72 4.44 6.58 3.55 0.8784 0. 1.04 0.24 0.47 0.95
2003 456 0.00 0.10 1.39 67.79 11.66 3.35 5.01 3.20 3.15 2.1288 0. 0.44 0.54 0.13 0.23
2004 501 0.00 0.02 5.34 6.13 68.29 8.11 2.18 4.13 2.51 1.27 7 1.00.35 0.27 0.16 0.17
2005 613 0.02 0.57 0.46 6.56 5.38 68.72 7.95 2.36 291 221 8 1.11.09 0.25 0.09 0.25
2006 720 0.33 2.81 10.44 1.67 8.57 4.88 59.04 5.28 1.72 2.3813 1. 1.01 043 0.14 0.19
2007 629 0.78 11.52 3.81 15.70 1.59 6.89 3.81 43.95 5.08 1.71.20 2 1.66 0.48 0.19 0.64
2008 794 0.76 9.80 30.53 240 1442 1.03 3.63 3.17 28.09 3.05.15 1 0.73 050 0.31 0.43
2009 685 0.64 0.53 29.65 27.19 346 11.01 1.35 2.40 2.35 16.692.58 0.92 0.63 0.29 0.33
2010 874 0.03 25.61 3.38 3509 2135 2.30 2.94 0.43 0.58 0.97.86 5 0.91 0.29 0.10 0.16
2011 1,079 2.77 8.93 70.27 2.73 6.20 4.53 1.16 0.82 0.31 0.38.12 0 1.38 0.18 0.11 0.11
2012 851 0.18 40.89 1156 33.01 2.49 5.09 2.52 1.13 0.66 0.23.33 0 0.35 0.87 0.28 0.39
2013 1,094 0.03 0.54 70.31 5.90 10.47 1.12 341 2.06 0.91 1.30.26 0.33 0.53 228 0.46
2014 1,153 0.00 3.30 3.68 64.41 6.98 12.09 1.59 3.12 1.84 0.80.47 0.12 0.19 0.28 1.13
2015 798 3.59 1.14 6.88 3.95 70.01 4.94 5.09 0.96 1.55 1.09 0 0.20.21 0.06 0.05 0.27
2016 1,440 0.29 50.18 1.69 4.47 248 32.88 2.78 3.23 0.76 0.40.37 0.24 0.06 0.05 0.07
2017 1,300 3.76 0.72  38.37 2.37 4.12 3.12 36.85 4.41 3.10 1.38.62 0.72 0.21 0.09 0.20
2018 1,174 7.35 25.52 1.49 26.97 1.52 2.80 3.04 2278 431 1 1.90.94 0.55 041 0.31 0.10
2019 1,001 0.01 13.71 20.72 157 32.35 1.76 3.82 224 18.6698 1. 1.66 0.69 0.38 0.23 0.23
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Table 12. Survey age proportion data used in the base model. Propsrie calculated from numbers of individuals in each agemréage 15 is
an accumulator group.

Year ol;ls;nrr?p?lres Age (% of total for each year)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1995 69 0.00 20.48 326 1.06 19.33 1.03 4.03 16.37 1.44 0.786240.24 1.67 0.21 5.32
1998 105 0.00 6.83 8.03 17.03 17.25 1.77 11.37 10.79 1.73 4.I%0 1.27 0.34 9.74 2.06
2001 57 0.00 50.61 1095 15.12 786 364 384 260 130 1.3%5 0.68 0.87 0.15 0.39
2003 71 0.00 23.06 1.63 4340 13.07 271 514 343 182 2444 1049 0.43 0.42 0.52
2005 47 0.00 19.07 123 510 478 5066 699 250 399 2451 10774 0.48 0.14 0.16
2007 69 0.00 28.29 216 1164 138 501 325 38.64 3.92 1.94/0 10.83 0.77 0.34 0.12
2009 72 0.00 055 29.34 4022 229 822 125 179 193 8323 3644 0.28 0.48 0.26
2011 46 0.00 27.62 56.32 371 264 294 070 0.78 0.38 0667 A0 0.76 0.31 0.11
2012 94 0.00 62.12 9.78 16.70 226 292 194 101 050 0.237 066 0.98 0.51 0.12
2013 67 0.00 217 7498 563 868 095 220 259 0.71 035 013 0.36 0.77 0.38
2015 78 000 745 919 438 5899 488 753 169 168 164 (00O 0.29 0.24 0.92
2017 58 0.00 049 5272 280 370 331 26.02 413 291 1.141 (087 0.42 0.33 0.25
2019 75 0.00 10.72 27.24 151 3132 250 3.18 268 16.12 2.2®6 0.36 0.38 0.47 0.28
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Table 13. Summary of the acoustic surveys from 1995 to 2019.

Start End Biomass Samplin Number of
Year Vessels index pling hauls with
date date - Ccv
(million t) age samples
1995 1-Jul  1-Sep MillerFreeman - og 0.086 69
Ricker
1098 6-Jul  27-Aug MNerFreeman -, o4 0.046 105
Ricker
2001 15-Jun  18-Aug MillerFreeman -, oo, 0.102 57
Ricker
2003 29-Jun  1-Sep  Ricker 2.138 0.062 71
2005 20-Jun 19-Aug Miller Freeman 1.376 0.062 47
2007 20-Jun 21-Aug Miller Freeman 0.943 0.074 69
2009 30-Jun  7-Sep MillerFreeman - 4, 0.096 72
Ricker
2011 26-Jun  10-Sep Dol Shimada oo 0.113 46
Ricker
Bell Shimada
2012 23-Jun  7-Sep  Ricker 1.279 0.065 94
F/V Forum Star
2013 13-Jun  11-Sep Dol Shimada ) o4 0.062 67
Ricker
2015 15-Jun  14-Sep CehShimada -, qq 0.081 78
Ricker
2017 22-Jun  13-Sep Dol Shimada ) g 0.063 58
Nordic Pearl
2019 13-Jun  15-Sep Dol Shimada -, -, 0.062 75
Nordic Pearl
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Table 14. Information on maturity and fecundity used in this assesdgnas shown in Figurd2. The
sample sizes refer to the subset of samples in Tabler which age readings and histological estimates
of maturity have been completed. The mean weight (kg) isbasea much larger set of samples. Mean
fecundity is the product of maturity and mean weight, buertbiat year-specific fecundities from 1975—
2019 were used in the stock assessment. The values reporiagels 15 and above represent the average
across all samples in this range.

Number of Maturity = Mean Mean

Age samples ogive  weight fecundity
0 0 0.000 0.017 0.000
1 122 0.000 0.094 0.000
2 276 0.261 0.257 0.067
3 348 0.839 0.383 0.321
4 333 0.961 0.485 0.466
5 299 0.920 0.532 0.490
6 221 0.928 0.581 0.539
7 81 0.926 0.646 0.598
8 70 0.957 0.712 0.681
9 36 0.944 0.769 0.726
10 51 0.980 0.854 0.837
11 26 0.962 0.925 0.890
12 18 1.000 0.964 0.964
13 24 0.958 1.060 1.015
14 22 0.955 1.003 0.958
15 8 0.900 1.031 0.928
16 9 0.900 1.031 0.928
17 2 0.900 1.031 0.928
18 1 0.900 1.031 0.928
19 0 0.900 1.031 0.928
20 0 0.900 1.031 0.928

Table 15. Number of Pacific Hake ovaries collected for histologicahlgsis. The maturity ogive was
determined from a subset of these samples (up to and ing@dih7) — se&dwards et al(201&).

Canada Acoustic U.S. Acoustic U.S. Acoustic U.S. At-sea Hake U.S. At-sea Hake

Year survey/Research survey/Research survey/Research Observer Observer Total
(Summer) (Summer) (Winter) Program (Spring)  Program (Fall)
2009 0 0 0 0 0 263
2012 0 199 0 0 0 270
2013 0 254 0 104 103 531
2014 0 0 0 105 142 523
2015 0 193 0 98 112 696
2016 0 26 309 100 162 874
2017 0 65 134 93 113 514
2018 0 64 0 0 0 213
2019 15 106 0 0 0 181
Total 15 907 443 500 632 4,065

Pacific Hake assessment 2020 89 SecTienlables



Table 16. Summary of estimated model parameters and priors in therbadel. The Beta prior is param-
eterized with a mean and standard deviation. The Lognornial is parameterized with the median and
standard deviation in log space.

Number of Bounds
parameters (low, high)

Prior (Mean, SD)

Parameter . T
single value = fixed

Stock Dynamics

Log(Ro) 1 (13,17) Uniform
Steepnesdj 1 (0.2,2) Beta(0.78,0.11)
Recruitment variability §;) - - 1.4

Log recruitment deviations: 1946—2019 74 (-6,6) LognoKthal)
Natural mortality W) 1 (0.05,0.4) Lognormal(0.20,1.11)
Catchability and selectivity

Acoustic Survey

Catchability @) 1 - Analytic solution
Additional variance for survey log(SE) - (0.05,1.2) Unifor
Non-parametric age-based selectivity: ages 3-6 4 (-5,9) ifobn
Fishery

Non-parametric age-based selectivity: ages 2—6 5 (-5,9) ifoln
Selectivity deviations (1991-2019, ages 2—-6) 145 - Noionhld)
Data weighting

Dirichlet-Multinomial likelihood (log9) 2 (-5,20) Normal(0,1.813)

Pacific Hake assessment 2020 90 SecTienlables



Table 17. Select parameters, derived quantities, reference pdintaes, and negative log likelihoods for
retrospective analyses using the MLE estimates from the beglel. Some values are implied since they
occur after the ending year of the respective retrospeatnadysis.

2020

-1 -2 -3 -4 -5

Base

mode| YE&r years years years  years
Parameters
Natural mortality W) 0.209 0.209 0.208 0.209 0.208 0.208
Ry (millions) 1,600 1,602 1,596 1,656 1,648 1,620
Steepnesd) 0.854 0.854 0.855 0.855 0.855 0.855
Additional acoustic survey SD 0.249 0.264 0.265 0.260 0.2590.268
Dirichlet-Multinomial fishery (log6isn) -0.164 -0.155 -0.178 -0.221 -0.263 -0.302
Dirichlet-Multinomial survey (logBsur) 2.246 2.008 2.011 1.600 1.585 1.298
Derived Quantities
2010 recruitment (millions) 11,648 10,180 9,965 11,201 9&e, 11,361
2014 recruitment (millions) 7,034 6,232 6,455 9,160 3,665 178
2016 recruitment (millions) 3,385 2,739 2,454 694 686 763
Bo (thousand t) 1,385 1,387 1,385 1,431 1,431 1,405
2009 relative spawning biomass 36.7% 35.1% 34.8% 35.0% 936.137.2%
2020 relative spawning biomass 62.6% 49.6% 42.8% 51.3% 9%6.514.1%

Reference Points based oRspr_409
2019 rel. fishing intensity: (1-SPR)/(1-SRf%) 89.2% 96.6% 97.5% 86.0% 106.3% 123.9%

Female spawning biomasBF(m%; thousand t) 517 518 517 534 535 525
SPRysY-proxy 40.0% 40.0% 40.0% 40.0% 40.0% 40.0%
Exploitation fraction corresponding to SPR 17.0% 17.0% 0%. 17.0% 17.0% 17.0%
Yield at Brug,, (thousand t) 223 223 223 231 230 226
Negative log likelihoods

Total 682.82 666.46 654.81 64550 637.36 625.81
Survey -795 -6.74 -6.68 -6.26 -6.31 -5.50
Survey age compositions 86.45 84.31 83.63 82.35 82.02 78.86
Fishery age compositions 538.86 52453 515.35 509.08 8302.895.39
Recruitment 49.82 48.81 47.88 46.94  45.68 44.90
Parameter priors 0.81 0.66 0.66 0.45 0.43 0.31
Parameter deviations 1483 1490 13.97 1294 13.02 11.82
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Table 18. Annual changes in the modeling framework used to asses$idPBieike since 2011. The

bias adjustment is reported as the maximum used for eaclssassaet.

Methods used to weight the

age-composition data (Comp Method), i.e., McAllisterdin(MI) and Dirichlet-Multinomial (DM) ap-

proaches, are explained in the main text.

Bias Comp

Year Framework Survey Adjust Method MCMC Change

2011 SS3.20, TINSS yes 0.85 MI(0.10, 0.89) 999 Increasedpethility of SS and
TINSS, except for age-composition
likelihood

2012 SS 3.23b yes 0.86 MI(0.12,0.94) 999 One framework fasebmodel;
TINSS changed to CCAM

2013 SS 3.24j no 0.86 MI(0.12,0.94) 999 Developed MSE

2014 SS 3.24s yes 0.86 MI(0.12,0.94) 999 Time-varying fiskelectivity

2015 SS 3.24u no 0.87 MI(0.12,0.94) 999 No major changes

2016 SS 3.24u yes 0.87 MI(0.11,0.51) 999 Re-analyzed 1998-2acoustic-
survey data; Removed 1995 survey
data

2017 SS 3.24u no 0.87 MI(0.14,0.41) 999 Added 1995 survey;, diatreased
allowable selectivity variation to
0.20

2018 SS 3.30.10.00 yes 0.87 DM (0.45,0.92) 2,000 Used DM tgiweage composi-
tions; Updated maturity and fecun-
dity; Stopped transforming selec-
tivity parameters

2019 SS 3.30.10.00 no 0.87 DM (0.46, 0.92) 2,000 Change ®vianying fecundity

2020 SS 3.30.14.08 yes 0.87 DM (0.46,0.92) 2,000 Add Normiat for Dirichlet pa-

rameters

Pacific Hake assessment 2020

92

SecTienlables



Table 19. Estimated numbers-at-age at the beginning of the year fnenbase model (MLE; million).

Year Age
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15+
1966 1,436 1,360 758 475 322 230 180 149 128 111 97 85 74 65 56 254
1967 3,155 1,166 1,103 604 369 245 172 128 106 91 79 69 61 53 461 22
1968 2,138 2,561 944 867 454 267 173 111 83 69 59 51 45 39 34 172
1969 664 1,735 2,076 752 672 344 199 122 79 58 49 42 36 32 28 146
1970 5,763 539 1,405 1,639 570 493 246 132 81 52 39 32 28 24 21 115
1971 661 4,678 436 1,102 1,224 409 343 156 84 51 33 25 20 18 15 86
1972 387 537 3,791 347 850 921 302 239 109 58 36 23 17 14 12 71
1973 3,835 314 435 3,033 272 655 701 221 175 80 43 26 17 13 10 61
1974 284 3,113 255 348 2,366 208 494 506 160 126 57 31 19 12 9 51
1975 1,195 231 2,523 203 269 1,785 154 347 355 112 89 40 22 13 9 42
1976 166 970 187 2,014 158 205 1,344 111 249 255 80 64 29 16 10 37
1977 4,531 134 786 150 1,580 122 156 986 81 183 187 59 47 21 11 34
1978 106 3,678 109 633 119 1,241 95 119 750 62 139 142 45 36 16 34
1979 955 86 2,983 88 503 94 971 73 91 574 47 106 109 34 27 39
1980 12,900 775 70 2,399 70 395 73 737 55 69 435 36 81 83 26 50
1981 195 10,470 629 56 1,913 55 310 56 568 42 53 335 28 62 64 59
1982 206 158 8,491 504 44 1,488 42 231 42 423 32 40 250 21 46 91
1983 381 167 128 6,829 400 35 1,159 32 176 32 321 24 30 190 16 104
1984 10,504 310 136 103 5,441 316 27 890 25 135 24 247 18 23 146 92
1985 103 8,526 251 109 82 4,284 247 21 680 19 103 19 189 14 18 182
1986 147 83 6,917 203 87 65 3,378 191 16 527 15 80 14 146 11 155
1987 4,987 119 68 5,558 160 68 51 2,549 144 12 397 11 60 11 110 125
1988 1,724 4,048 97 54 4,378 125 52 38 1,893 107 9 295 8 45 8 175
1989 118 1,400 3,283 77 43 3,389 95 39 28 1,397 79 7 218 6 33 135
1990 3,378 95 1,134 2,616 60 32 2,532 68 27 20 992 56 5 155 4 119
1991 1,047 2,742 77 908 2,052 46 25 1,858 50 20 14 728 41 3 114 91
1992 124 850 2,222 60 624 1,543 34 18 1,343 36 15 10 526 30 3 148
1993 2,589 101 689 1,776 43 441 1,150 24 12 933 25 10 7 366 21 104
1994 2,726 2,101 82 554 1,346 32 314 834 17 9 677 18 7 5 265 91
1995 1,071 2,213 1,704 66 438 954 22 196 520 11 6 422 11 5 3 222
1996 1,527 869 1,795 1,374 52 339 663 15 129 342 7 4 278 7 3 148
1997 845 1,240 703 1,365 1,018 38 248 410 9 80 212 4 2 172 5 93
1998 1,590 686 1,006 565 952 686 27 153 253 6 49 131 3 1 106 60
1999 10,555 1,291 556 793 353 656 399 17 95 156 3 30 81 2 1 103
2000 313 8,568 1,046 404 520 198 409 239 10 57 94 2 18 48 1 62
2001 992 254 6,951 837 296 376 133 253 147 6 35 58 1 11 30 39
2002 29 805 206 5,591 624 197 253 87 164 96 4 23 38 1 7 45
2003 1,390 23 653 166 4,412 462 138 181 62 118 69 3 16 27 1 37
2004 78 1,128 19 529 133 3,368 335 99 130 45 85 49 2 12 19 27
2005 2,191 63 915 15 397 80 2,364 223 66 86 30 56 33 1 8 31
2006 1,658 1,779 51 737 12 279 47 1,518 143 42 56 19 36 21 1 25
2007 22 1,346 1,440 37 527 8 166 28 907 86 25 33 11 22 13 15
2008 4,332 18 1,091 1,111 24 344 5 96 16 526 50 15 19 7 13 16
2009 1,136 3,516 15 841 728 17 200 3 51 9 280 26 8 10 4 15
2010 11,648 922 2,852 12 598 501 12 124 2 32 5 173 16 5 6 12
2011 372 9,454 748 2,200 8 317 307 8 82 1 21 4 114 11 3 12
2012 1,038 302 7,655 586 1,241 5 214 212 5 56 1 14 2 79 7 10
2013 293 842 244 6,009 429 816 4 152 150 4 40 1 10 2 56 13
2014 7,034 238 683 196 4,461 317 590 3 100 99 3 26 0 7 1 45
2015 63 5,709 193 538 142 3,286 229 397 2 67 67 2 18 0 5 31
2016 3,385 51 4,621 154 408 105 2,406 171 297 1 50 50 1 13 0 27
2017 1,659 2,748 41 3,336 113 288 74 1,678 119 207 1 35 35 1 9 19
2018 276 1,347 2,198 30 2,388 76 193 46 1,042 74 129 1 22 22 1 17
2019 1,579 224 1,051 1,564 22 1,728 54 120 29 650 46 80 0 14 13 11
2020 1,561 1,282 182 766 1,101 16 1,163 32 70 17 380 27 47 0 8 14
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Table 20. Estimated biomass-at-age at the beginning of the year fnrerbase model (MLE; thousand t).

Year Age

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1966 24 128 194 182 156 122 104 96 91 86 83 79 72 69 56 50 43 36 31 26 7
1967 53 110 283 231 179 130 100 83 76 70 68 64 58 56 46 41 3% 30 26 22 7
1968 36 241 242 332 220 142 100 72 59 53 50 47 43 41 34 31 27 23 20 11 6
1969 11 163 533 288 326 183 115 79 56 45 41 39 35 33 28 25 22 19 16 18 5
1970 97 51 361 627 276 262 143 85 58 40 33 30 27 25 21 19 17 14 12 11 46
1971 11 441 112 422 593 218 199 101 60 39 28 23 20 19 15 14 12 10 9 8 36
1972 7 51 973 133 412 490 175 155 7 45 31 21 17 15 12 11 10 8 7 6 30
1973 65 30 112 1,161 132 349 407 143 125 61 37 24 16 13 10 9 8 7 6 5 27
1974 5 293 65 133 1,147 111 287 326 114 97 49 29 18 13 9 8 7 6 5 4 23
1975 66 36 754 74 165 1,126 121 303 343 102 86 68 32 25 17 17 14 12 19 52
1976 9 96 44 1,005 82 142 1,081 102 301 340 117 105 52 29 19 17 13 19 8 44
1977 249 11 316 73 933 81 117 816 80 202 231 78 66 37 24 15 10 7 6 5 31
1978 5 267 14 297 63 748 61 88 632 61 153 177 60 53 28 20 12 8 6 5 29
1979 46 7 719 23 293 64 746 65 83 595 57 133 167 53 49 25 13 8 5 4 22
1980 583 62 15 1,087 27 194 38 483 39 60 463 42 104 107 33 29 13 7 4 3 1
1981 8 1,125 134 19 1,007 22 163 31 424 31 44 349 30 84 95 24 19 9 5 2 1
1982 8 19 2,093 168 14 818 17 122 24 322 22 34 267 18 47 55 17 14 6 3 10
1983 13 22 17 2,329 148 11 603 16 109 22 283 22 31 196 21 52 53 17 13 18
1984 337 41 22 26 2,385 130 12 523 14 91 17 235 21 24 187 23 51 52 18 18
1985 3 1,484 58 29 36 2,355 135 13 507 13 75 16 164 13 12 125 10 23 22 14
1986 4 13 1,923 59 26 24 1,833 109 10 432 14 95 17 201 18 22 139 11 26 24
1987 111 18 9 2,107 45 20 18 1,472 86 8 304 11 56 14 133 12 15 92 8 124 3
1988 33 567 18 17 2,063 46 20 19 1,225 74 7 272 9 46 12 119 9 11 70 6 39
1989 2 194 898 24 13 1,740 42 16 14 875 52 4 191 4 27 7 68 5 6 40 25
1990 53 13 276 917 23 17 1,383 41 18 10 763 47 10 183 4 34 6 63 5 6 61
1991 16 375 21 336 944 24 13 1,098 36 17 16 523 26 4 137 8 41 7 75 6 79
1992 2 115 515 21 296 823 20 11 860 23 9 8 387 25 2 84 2 13 2 23 26
1993 40 13 171 601 17 200 568 12 6 513 13 13 7 224 12 1 39 1 6 1 23
1994 42 250 24 201 602 14 165 476 11 5 429 9 5 4 186 11 1 31 1 5 19
1995 16 245 457 22 213 512 14 122 343 8 4 314 9 4 2 132 8 1 21 1 16
1996 23 88 516 547 24 180 375 10 77 218 4 3 188 6 4 2 82 5 0 13 10
1997 13 112 250 590 502 21 135 239 5 48 134 4 1 122 3 2 1 58 3 0 16
1998 24 55 210 200 480 355 15 98 154 4 40 94 2 1 80 2 1 1 33 2 9
1999 160 174 139 274 150 345 222 10 58 110 2 24 61 1 1 54 1 1 0 21 7
2000 5 1,627 336 191 300 131 294 174 8 47 76 2 16 45 1 0 37 1 0 0 19
2001 15 13 1,993 405 193 250 100 218 126 5 34 57 1 12 30 1 0 24 1 0 13
2002 0 61 74 2,558 378 161 192 74 161 89 4 23 37 1 8 21 0 o 17 0 9
2003 21 2 167 72 2,305 272 105 125 47 97 53 3 15 21 1 5 14 0 0 11 6
2004 1 122 4 231 64 1,792 217 70 85 32 68 42 2 11 17 0 3 9 0 0 11
2005 33 7 238 6 202 43 1,343 141 43 61 24 46 27 1 9 12 0 2 6 0 8
2006 25 236 20 337 6 160 28 908 94 30 40 14 28 14 1 5 8 0 2 4 5
2007 0 60 327 14 282 4 101 18 587 60 20 25 9 19 10 0 3 4 0 1 5
2008 66 2 266 453 14 219 3 66 12 379 37 12 16 5 11 6 0 1 2 0 3
2009 18 235 4 288 343 11 134 2 38 7 215 22 8 9 3 7 4 0 1 2 2
2010 188 100 663 3 259 266 8 103 2 33 5 152 14 5 5 2 4 2 0 1 2
2011 6 798 184 708 3 163 183 5 70 1 21 4 121 11 3 4 1 3 1 0 2
2012 18 39 1,642 207 508 3 140 146 4 51 1 14 2 78 7 2 3 1 2 1 1
2013 5 109 70 2,160 201 416 2 109 110 3 40 1 13 2 60 6 2 2 1 1 2
2014 125 24 279 92 2,140 170 339 2 66 71 2 31 0 6 1 39 4 1 1 0 2
2015 1 433 48 210 63 1,547 127 236 1 46 48 1 17 0 5 1 31 3 1 1 2
2016 63 8 1,127 59 170 46 1,116 88 153 1 33 36 1 10 0 5 1 29 3 1 3
2017 32 386 13 1,338 53 147 39 910 68 128 1 24 26 1 7 0 2 0 12 1 2
2018 5 252 779 14 1,201 41 107 28 614 47 83 0 15 16 1 6 0 2 0 9 2
2019 32 15 296 690 11 903 29 70 18 401 29 55 0 11 9 0 3 0 1 0 5
2020 30 163 52 318 510 8 615 18 42 10 247 19 34 0 8 9 0 2 0 1 4
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Table 21. Estimated exploitation-rate-at-age (catch-at-age dividy biomass-at-age at the beginning of the year) for eaghfy@m the base model
(MLE; percentage of age class removed by fishing). Annudboégpion rates for ages6 are equivalent because those fish are fully selected.

Year Age

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1966 0.00 0.13 1.60 3.87 5.68 7.00 11.02 11.02 11.02 11.02 0211. 11.02 11.02 11.02 11.02 11.02 11.02 11.02 11.02 11.02 2110
1967 0.00 0.23 2.81 6.72 9.79 11.99 18.55 18.55 18.55 18.55 5518 18.55 18.55 18.55 18.55 18.55 18.55 18.55 18.55 18.55 5518.
1968 0.00 0.14 1.72 4.15 6.09 7.50 11.78 11.78 11.78 11.78 7811. 11.78 11.78 11.78 11.78 11.78 11.78 11.78 11.78 11.78 8117
1969 0.00  0.20 2.46 591 8.63 10.59 16.46 16.46 16.46 16.46 4616 16.46 16.46 16.46 16.46 16.46 16.46 16.46 16.46 16.46 4616.
1970  0.00 0.25 3.02 7.23 10.52 12.87 19.85 19.85 19.85 19.859.851 19.85 19.85 19.85 19.85 19.85 19.85 19.85 19.85 19.85 .8519
1971 0.00 0.15 1.87 452 6.62 8.15 12.78 12.78 12.78 12.78 7812. 12.78 12.78 12.78 12.78 12.78 12.78 12.78 12.78 12.78 8127
1972 0.00 0.10 1.27 3.08 4.53 5.59 8.85 8.85 8.85 8.85 8.85 5 8.8 8.85 8.85 8.85 8.85 8.85 8.85 8.85 8.85 8.85
1973 0.00 0.12 1.46 3.53 5.19 6.40 10.09 10.09 10.09 10.09 0910. 10.09 10.09 10.09 10.09 10.09 10.09 10.09 10.09 10.09 910.0
1974 0.00 0.15 1.80 4.34 6.36 7.83 12.29 12.29 12.29 12.29 2912. 12.29 12.29 12.29 12.29 12.29 12.29 12.29 12.29 12.29 912.2
1975 0.00 0.12 1.49 3.61 5.30 6.54 10.30 10.30 10.30 10.30 3010. 10.30 10.30 10.30 10.30 10.30 10.30 10.30 10.30 10.30 0103
1976 0.00 0.10 1.25 3.02 4.45 5.49 8.69 8.69 8.69 8.69 8.69 8.6 8.69 8.69 8.69 8.69 8.69 8.69 8.69 8.69 8.69
1977 0.00 0.07 0.81 1.97 291 3.59 5.72 5.72 5.72 5.72 5.72 5.7 5.72 5.72 5.72 5.72 5.72 5.72 5.72 5.72 5.72
1978 0.00 0.06 0.73 1.78 2.63 3.25 5.18 5.18 5.18 5.18 5.18 5.1 5.18 5.18 5.18 5.18 5.18 5.18 5.18 5.18 5.18
1979 0.00 0.07 0.84 2.03 3.00 3.71 5.90 5.90 5.90 5.90 5.90 5.9 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90
1980 0.00 0.05 0.65 1.58 2.34 2.89 4.61 4.61 4.61 4.61 4.61 4.6 4.61 4.61 4.61 4.61 4.61 4.61 4.61 4.61 4.61
1981 0.00  0.08 1.05 255 3.76 4.65 7.37 7.37 7.37 7.37 7.37 73 7.37 7.37 7.37 7.37 7.37 7.37 7.37 7.37 7.37
1982 0.00  0.07 0.82 2.00 2.95 3.65 5.81 5.81 5.81 5.81 5.81 5.8 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81
1983  0.00 0.06 0.69 1.67 2.47 3.05 4.87 4.87 4.87 4.87 4.87 4.8 4.87 4.87 4.87 4.87 4.87 4.87 4.87 4.87 4.87
1984  0.00 0.06 0.75 1.83 2.70 3.34 5.32 5.32 5.32 5.32 5.32 5.3 5.32 5.32 5.32 5.32 5.32 5.32 5.32 5.32 5.32
1985  0.00 0.05 0.58 141 2.08 2.58 412 4.12 4.12 4.12 412 4.1 412 4.12 4.12 4.12 4.12 4.12 4.12 4.12 4.12
1986  0.00 0.07 0.91 220 3.25 4.01 6.38 6.38 6.38 6.38 6.38 6.3 6.38 6.38 6.38 6.38 6.38 6.38 6.38 6.38 6.38
1987 0.00  0.09 1.10 2.67 3.93 4.85 7.69 7.69 7.69 7.69 7.69 7.6 7.69 7.69 7.69 7.69 7.69 7.69 7.69 7.69 7.69
1988  0.00  0.09 117 2.85 4.19 5.18 8.20 8.20 8.20 8.20 8.20 8.2 8.20 8.20 8.20 8.20 8.20 8.20 8.20 8.20 8.20
1989 0.00 0.13 1.65 3.99 5.85 7.20 11.33 11.33 11.33 11.33 3311. 11.33 11.33 11.33 11.33 11.33 11.33 11.33 11.33 11.33 3113
1990 0.00 0.10 1.24 3.01 4.44 5.47 8.66 8.66 8.66 8.66 8.66 6 8.6 8.66 8.66 8.66 8.66 8.66 8.66 8.66 8.66 8.66
1991 0.00 0.13 3.79 13.86 6.66 7.80 9.93 9.93 9.93 9.93 9.93 93 9. 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93
1992 0.00 0.12 1.39 10.03 11.79 7.40 12.98 12.98 12.98 12.982.981 12.98 12.98 12.98 12.98 12.98 12.98 12.98 12.98 12.98 .9812
1993 0.00 0.07 0.82 5.98 9.47 10.95 9.59 9.59 9.59 9.59 9.59 59 9. 9.59 9.59 9.59 9.59 9.59 9.59 9.59 9.59 9.59
1994 0.00 0.07 0.89 2.49 11.47 11.94 21.09 21.09 21.09 21.091.092 21.09 21.09 21.09 21.09 21.09 21.09 21.09 21.09 21.09 .0921
1995 0.00 0.07 0.60 1.98 4.10 12.98 17.11 17.11 17.11 17.11 1117 17.11 17.11 17.11 17.11 17.11 17.11 17.11 17.11 17.11 1117.
1996 0.00 0.24 5.70 7.92 8.07 8.85 21.64 21.64 21.64 21.64 6421. 21.64 21.64 21.64 21.64 21.64 21.64 21.64 21.64 21.64 4216
1997 0.00 0.07 0.93 12.75 15.32 11.45 21.75 21.75 21.75 21.781.75 21.75 21.75 21.75 21.75 21.75 21.75 21.75 21.75 21.751.752
1998  0.00 0.15 2.55 20.83 13.66 25.83 21.74 2174 2174 21.721.74 21.74 21.74 21.74 21.74 2174 2174 21.74 21.74 21.741.742
1999 0.00  0.17 9.42 17.37 28.03 21.00 23.79 2379 2379 23.723.79 23.79 23.79 23.79 23.79 23.79 23.79 23.79 23.79 23.793.792
2000 0.00  0.04 1.26 8.95 9.95 15.60 21.73 21.73 21.73 21.73 7321 21.73 21.73 21.73 21.73 2173 21.73 21.73 21.73 21.73 7321.
2001 0.00  0.06 0.82 7.37 16.31 15.59 17.89 17.89 17.89 17.897.891 17.89 17.89 17.89 17.89 17.89 17.89 17.89 17.89 17.89 .8917
2002 0.00  0.03 0.40 2.52 7.89 12.20 10.48 10.48 10.48 10.48 4810 10.48 10.48 10.48 10.48 10.48 10.48 10.48 10.48 10.48 4810.
2003  0.00  0.02 0.26 1.58 5.36 9.65 10.66 10.66 10.66 10.66 6610. 10.66 10.66 10.66 10.66 10.66 10.66 10.66 10.66 10.66 610.6
2004  0.00  0.09 1.67 6.71  23.06 12.26 16.23 16.23 16.23 16.236.231 16.23 16.23 16.23 16.23 16.23 16.23 16.23 16.23 16.23 .2316
2005 0.00 0.05 0.63 351 12.29 24.71 18.90 18.90 18.90 18.908.901 18.90 18.90 18.90 18.90 18.90 18.90 18.90 18.90 18.90 .9018
2006  0.00 0.22 10.65 10.83 16.64 24.07 23.98 23.98 23.98 823.923.98 23.98 23.98 23.98 23.98 23.98 23.98 23.98 23.98 23.983.98
2007 0.00 0.16 4.53 17.16 17.71 17.22 25.87 25.88 25.88 25.885.88 25.88 25.87 25.87 25.88 25.87 25.87 25.88 25.88 25.885.882
2008 0.00 0.38 4.53 17.45 12.70 25.81 31.27 31.27 31.27 31.231.27 31.27 31.27 31.27 31.27 31.27 31.27 31.27 31.27 31.271.273
2009 0.00 0.08 1.81 11.19 13.71 10.93 21.59 21.59 21.59 21.591.59 21.59 21.59 21.59 21.59 21.59 21.59 21.59 21.59 21.591.592
2010 0.00 0.08 4.48 12.28 3151 22.29 16.90 16.90 16.90 16.906.90 16.90 16.90 16.90 16.90 16.90 16.90 16.90 16.90 16.906.901
2011 0.00 0.23 3.19 27.71 16.39 15.26 13.50 13.50 13.50 13.503.50 13.50 13.50 13.50 13.50 13.50 13.50 13.50 13.50 13.503.501
2012 0.00 0.22 2.96 8.91 17.22 11.43 11.49 11.49 11.49 11.491.491 11.49 11.49 11.49 11.49 11.49 11.49 11.49 11.49 11.49 4911
2013 0.00 0.07 1.05 7.73 8.06 9.88 17.23 17.23 17.23 17.23 2317. 17.23 17.23 17.23 17.23 17.23 17.23 17.23 17.23 17.23 317.2
2014 0.00 0.14 2.77 9.58 8.36 9.97 15.39 15.39 15.39 15.39 3915. 15.39 15.39 15.39 15.39 15.39 15.39 15.39 15.39 1539 9153
2015  0.00 0.26 1.65 5.86 7.87 8.86 7.23 7.23 7.23 7.23 723 372723 7.23 7.23 7.23 7.23 7.23 7.23 7.23 7.23
2016  0.00 0.97 10.01 8.27 11.86 12.45 12.73 12.73 12.73 12.732.73 12.73 12.73 12.73 12.73 12.73 12.73 12.73 12.73 12.732.731
2017 0.00 1.32 8.27 10.67 16.04 15.75 21.33 21.33 21.33 21.331.33 21.33 21.33 21.33 21.33 21.33 21.33 21.33 21.33 21.331.332
2018  0.00 3.48 11.13 8.28 9.83 10.45 20.97 20.97 20.97 20.970.972 20.97 20.97 20.97 20.97 20.97 20.97 20.97 20.97 20.97 .9720
2019  0.00 0.32 9.28 12.04 10.07 15.45 25.32 25.32 25.32 25.325.32 25.32 25.32 25.32 25.32 25.32 25.32 25.32 25.32 25.325.322
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Table 22. Estimated catch-at-age in numbers for each year from treerbaslel (MLE; thousands).

Year Age

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1966 0 1,761 12,144 18,390 18,321 16,116 19,807 16,456 44,1212,272 10,710 9,375 8,178 7,125 6,183 5,322 4,557 3,878 823,22,762 8,165
1967 O 2,659 30,936 40,600 36,104 29,395 31,962 23,759 89,7316,942 14,721 12,847 11,246 9,810 8,546 7,416 6,383 5,4666524 3,937 13,107
1968 O 3,558 16,221 35,992 27,640 20,016 20,330 13,101 9,7388,090 6,944 6,034 5,266 4,609 4,021 3,503 3,040 2,616  2,2409071 6,986
1969 0 3,465 51,085 44,414 57,937 36,390 32,714 20,058 32,92 9,608 7,982 6,851 5,953 5,195 4,548 3,967 3,456 2,999 2581210 8,773
1970 0 1,327 42,507 118,506 59,975 63,485 48,913 26,214 726,0 10,357 7,699 6,396 5,490 4,770 4,163 3,644 3,179 2,769 032,4 2,068 8,801
1971 0 7,092 8,175 49,832 81,062 33,332 43,864 19,953 10,6946,556 4,225 3,141 2,609 2,239 1,946 1,698 1,487 1,297 1,130 80 9 4,434
1972 0O 551 48,205 10,687 38,536 51,495 26,718 21,170 9,630 1615, 3,164 2,039 1,516 1,259 1,081 939 820 717 626 545 2,613
1973 O 370 6,354 107,183 14,112 41,943 70,752 22,324 17,689 ,0468 4,312 2,644 1,704 1,266 1,052 903 785 685 599 523 2,639
1974 0 4,526 4,578 15,077 150,479 16,283 60,736 62,113 89,5915,529 7,064 3,786 2,321 1,496 1,112 924 793 689 601 526 62,77
1975 0 278 37,642 7,313 14,238 116,675 15,886 35,723 36,5331,521 9,133 4,155 2,227 1,365 880 654 543 466 405 354 1,942
1976 O 976 2,332 60,906 7,023 11,265 116,755 9,633 21,661 1522, 6,989 5,538 2,519 1,350 828 533 397 329 283 246 1,392
1977 O 88 6,369 2,947 45,907 4,377 8,948 56,420 4,655 10,4670,704 3,378 2,676 1,217 652 400 258 192 159 137 791
1978 O 2,164 797 11,262 3,121 40,343 4,919 6,161 38,850 3,2057,208 7,371 2,326 1,843 838 449 275 177 132 110 639
1979 0 58 24,951 1,785 15,100 3,472 57,328 4,289 5,372 33,8702,794 6,284 6,426 2,028 1,607 731 392 240 155 115 653
1980 0 405 453 37,946 1,626 11,418 3,361 33,988 2,543 3,185 ,08@0 1,657 3,725 3,810 1,202 952 433 232 142 92 455
1981 O 8,875 6,615 1,436 71,965 2,558 22,878 4,137 41,836 303,1 3,920 24,718 2,039 4,586 4,690 1,480 1,172 533 286 175 673
1982 O 105 69,893 10,098 1,309 54,338 2,464 13,448 2,432 9245 1,840 2,304 14,529 1,199 2,695 2,757 870 689 313 168 499
1983 O 92 880 114,045 9,871 1,062 56,397 1,566 8,550 1,546 6385, 1,170 1,465 9,238 762 1,714 1,753 553 438 199 424
1984 0 187 1,021 1,892 146,974 10,563 1,454 47,397 1,316 67,18 1,299 13,140 983 1,231 7,764 641 1,440 1,473 465 368 524
1985 0 3,968 1,454 1,541 1,713 110,534 10,184 860 28,027 778 ,2494 768 7,770 581 728 4,591 379 852 871 275 527
1986 O 61 62,668 4,460 2,833 2,615 215,488 12,211 1,031 83,60 933 5,095 921 9,317 697 873 5,504 454 1,021 1,044 962
1987 O 106 744 148,284 6,301 3,313 3,887 195,999 11,106 937 ,56830 849 4,634 838 8,474 634 794 5,007 413 929 1,825
1988 0 3,835 1,135 1,547 183,610 6,447 4,300 3,077 155,162 7928, 742 24,197 672 3,668 663 6,708 502 629 3,963 327 2,180
1989 0 1,865 54,137 3,084 2,495 244,101 10,795 4,386 3,1398,2838 8,968 757 24,679 685 3,742 677 6,842 512 641 4,042 2,557
1990 0 96 14,109 78,864 2,663 1,773 219,226 5,859 2,380 1,7085,896 4,867 411 13,395 372 2,031 367 3,714 278 348 3,582
1991 O 3,684 2,934 125,828 136,688 3,617 2,454 184,567 4,9332,004 1,434 72,316 4,098 346 11,277 313 1,710 309 3,127 234 3093,
1992 O 988 30,965 6,040 73,612 114,209 4,462 2,317 174,303 6594, 1,893 1,354 68,294 3,870 327 10,650 296 1,615 292 2,953 3453,
1993 0 68 5,640 106,145 4,113 48,241 110,299 2,292 1,190 289,5 2,393 972 696 35,078 1,988 168 5,470 152 829 150 3,235
1994 0 1,371 725 13,826 154,445 3,768 66,308 175,988 3,657 8991, 142,847 3,818 1,551 1,110 55,969 3,172 268 8,728 242 31,325,401
1995 O 1,625 10,272 1,302 17,931 123,825 3,806 33,512 88,9441,848 960 72,195 1,930 784 561 28,287 1,603 135 4,411 123 83,39
1996 O 2,074 102,316 108,826 4,205 30,006 143,564 3,169 0@7,9 74,049 1,539 799 60,105 1,606 653 467 23,550 1,334 113 23,672,931
1997 O 855 6,510 174,054 155,950 4,410 54,000 89,181 1,968 ,3317 45,999 956 496 37,337 998 405 290 14,629 829 70 4,102
1998 0 1,056 25,592 117,715 129,956 177,299 5,932 33,302 9984, 1,214 10,688 28,368 589 306 23,026 615 250 179 9,022 511 5732,
1999 0 2,162 52,334 137,785 99,050 137,713 94,834 4,007 9@2,4 37,152 820 7,220 19,163 398 207 15,554 416 169 121 6,094 832,0
2000 O 3,730 13,184 36,193 51,761 30,945 88,884 51,858 2,1912,302 20,316 448 3,948 10,479 218 113 8,505 227 92 66 4,472
2001 O 160 56,952 61,680 48,222 58,610 23,841 45,189 26,365 ,1141 6,254 10,329 228 2,007 5,327 111 57 4,324 116 47 2,307
2002 O 250 815 140,758 49,206 23,996 26,485 9,098 17,245 610,0 425 2,387 3,942 87 766 2,033 42 22 1,650 44 898
2003 0 5 1,698 2,634 236,652 44,601 14,730 19,329 6,640 62,58 7,343 310 1,742 2,877 63 559 1,484 31 16 1,204 688
2004 0 1,050 315 35,464 30,583 413,124 54,384 16,051 21,062 ,2357 13,714 8,001 338 1,898 3,135 69 609 1,617 34 17 2,062
2005 O 32 5,768 527 48,820 19,838 446,681 42,206 12,457 46,34 5615 10,643 6,210 262 1,473 2,433 54 473 1,255 26 1,614
2006 O 3,851 5,472 79,842 1,947 67,103 11,373 364,160 34,4090,155 13,326 4,578 8,677 5,062 214 1,201 1,983 44 385 1,023,3371
2007 0 2,104 65,238 6,316 93,339 1,335 43,014 7,327 234,6122,162 6,543 8,585 2,949 5,590 3,261 138 774 1,278 28 248 1,520
2008 0 69 49,404 193,794 3,076 88,806 1,593 30,170 5,139 53B4, 15,549 4,589 6,022 2,069 3,921 2,288 97 543 896 20 1,240
2009 0 2,728 263 94,106 99,762 1,847 43,146 586 11,090 1,8890,48B 5,715 1,687 2,213 760 1,441 841 36 199 329 463
2010 O 778 127,766 1,417 188,439 111,740 2,038 20,887 284 6953 915 29,282 2,767 817 1,072 368 698 407 17 97 384
2011 O 21,819 23,886 609,516 1,327 48,419 41,439 1,075 21,02 150 2,833 483 15,452 1,460 431 565 194 368 215 9 253
2012 0 655 226,793 52,171 213,647 615 24,599 24,356 632 6,478 88 1,665 284 9,082 858 253 332 114 216 126 154
2013 0 593 2,576 464,338 34,555 80,583 658 26,140 25,882 672 ,8846 93 1,769 301 9,651 912 269 353 121 230 298
2014 0 328 18,900 18,777 372,799 31,600 90,818 386 15,348 1915, 394 4,042 55 1,039 177 5,667 535 158 207 71 310
2015 0 15,014 3,179 31,502 11,185 291,020 16,543 28,737 122 8574 4,809 125 1,279 17 329 56 1,793 169 50 66 121
2016 O 492 462,528 12,702 48,398 13,125 306,421 21,758 ®7,79 161 6,388 6,325 164 1,682 23 432 74 2,358 223 66 245
2017 0 36,287 3,373 355,915 18,168 45,336 15,736 357,975 4125, 44,155 188 7,462 7,389 192 1,965 27 505 86 2,755 260 363
2018 0 46,843 244,586 2,492 234,748 7,910 40,484 9,605 @38,5 15,516 26,952 115 4,555 4,510 117 1,200 16 308 53 1,682 380
2019 O 718 97,499 188,319 2,234 266,968 13,756 30,496 7,23%4,600 11,688 20,303 86 3,431 3,397 88 904 12 232 40 1,553
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Table 23. Estimated catch-at-age in biomass for each year from therbaslel (MLE; metric tons).

Year Age

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1966 0 166 3,116 7,038 8,882 8,577 11,506 10,627 10,052 9,449,150 8,675 7,886 7,551 6,201 5,486 4,698 3,998 3,383 2,848 ,4178
1967 O 250 7,938 15,538 17,503 15,644 18,567 15,343 14,048 ,0313 12,576 11,887 10,844 10,396 8,572 7,645 6,581 5,635 964,7 4,058 13,512
1968 O 335 4,162 13,774 13,400 10,653 11,810 8,460 6,931 66,225,932 5,583 5,078 4,885 4,033 3,611 3,134 2,697 2,310 1,966,202
1969 0 326 13,109 16,997 28,088 19,367 19,004 12,953 9,199 3937, 6,819 6,339 5,740 5,506 4,561 4,090 3,563 3,092 2,661 792,2 9,045
1970 0 125 10,907 45,352 29,076 33,787 28,414 16,929 11,439 ,9707 6,577 5,918 5,294 5,055 4,175 3,757 3,277 2,855 2,4771322, 9,073
1971 0 668 2,098 19,071 39,299 17,739 25,481 12,886 7,611 455,0 3,609 2,906 2,516 2,373 1,952 1,751 1,532 1,337 1,165 11,014,571
1972 0O 52 12,369 4,090 18,682 27,406 15,520 13,672 6,854 13,972,703 1,887 1,462 1,335 1,084 968 845 740 645 562 2,694
1973 O 35 1,631 41,019 6,841 22,322 41,100 14,417 12,589 26,193,684 2,446 1,643 1,342 1,055 931 809 706 618 539 2,721
1974 0 426 1,175 5,770 72,952 8,666 35,282 40,112 13,948 4919 6,035 3,503 2,238 1,585 1,115 952 817 710 620 543 2,862
1975 0 44 11,244 2,675 8,746 73,575 12,507 31,215 35,356 610,4 8,859 7,035 3,340 2,594 1,720 1,795 1,491 1,280 1,112 970,3305
1976 O 96 550 30,392 3,644 7,813 93,848 8,828 26,129 29,539,1310 9,142 4,551 2,510 1,619 1,464 1,088 904 776 674 3,820
1977 O 7 2,560 1,439 27,094 2,911 6,701 46,671 4,552 11,568,213 4,441 3,754 2,132 1,370 884 570 423 352 302 1,749
1978 O 157 102 5,292 1,655 24,311 3,144 4,557 32,720 3,145 267,9 9,183 3,092 2,730 1,460 1,049 643 415 308 256 1,492
1979 0 4 6,013 462 8,790 2,385 44,011 3,821 4,903 35,120 3,350,843 9,849 3,147 2,884 1,448 776 476 307 228 1,293
1980 0 32 96 17,186 638 5,599 1,736 22,276 1,814 2,783 21,338,9261 4,805 4,953 1,527 1,330 605 324 199 128 635
1981 O 953 1,414 491 37,882 1,006 12,020 2,260 31,227 2,255 2273, 25,738 2,241 6,167 7,000 1,795 1,422 647 347 213 816
1982 O 12 17,229 3,369 405 29,864 975 7,094 1,369 18,704 1,258,968 15,503 1,054 2,746 3,223 1,017 806 367 196 583
1983 O 12 119 38,889 3,646 348 29,326 788 5,283 1,092 13,759 0881, 1,517 9,524 1,007 2,540 2,598 820 650 295 628
1984 0 25 168 472 64,433 4,344 633 27,832 764 4,856 911 12,500,1171 1,263 9,943 1,204 2,708 2,769 874 692 985
1985 0 691 334 413 756 60,749 5,575 517 20,886 540 3,073 660 596,7 550 492 5,149 425 955 977 308 592
1986 O 9 17,422 1,296 857 977 116,924 6,985 662 27,586 878 26,041,096 12,798 1,171 1,409 8,885 733 1,648 1,686 1,553
1987 O 16 103 56,200 1,755 951 1,408 113,189 6,636 597 23,346 34 8 4,286 1,040 10,195 897 1,124 7,088 585 1,315 2,583
1988 0 537 212 493 86,499 2,378 1,604 1,589 100,405 6,053 532,282 734 3,751 962 9,752 730 914 5,762 475 3,169
1989 0 259 14,817 940 731 125,321 4,735 1,782 1,622 99,114 285,9 456 21,614 458 3,099 762 7,707 577 722 4,553 2,880
1990 0 13 3,436 27,650 1,040 906 119,741 3,560 1,590 903 46,114,046 904 15,869 378 2,979 539 5,447 407 510 5,254
1991 O 504 808 46,519 62,849 1,858 1,334 109,024 3,557 1,703,5771 51,959 2,624 352 13,590 746 4,074 737 7,450 557 7,884
1992 O 134 7,171 2,098 34,914 60,919 2,596 1,439 111,659 23,041,198 978 50,223 3,290 318 10,940 304 1,659 300 3,033 3,436
1993 0 9 1,402 35,919 1,629 21,897 54,433 1,150 581 49,160 201,2 1,228 713 21,521 1,192 115 3,747 104 568 103 2,216
1994 0 163 218 5,013 69,021 1,685 34,891 100,313 2,274 1,069,579 1,852 1,007 810 39,251 2,364 200 6,507 181 987 4,026
1995 O 180 2,755 445 8,743 66,457 2,476 20,942 58,677 1,397 0 643,749 1,543 713 382 22,652 1,284 108 3,532 98 2,721
1996 O 209 29,426 43,335 1,965 15,954 81,128 2,063 16,620 11@7, 931 599 40,607 1,303 969 351 17,684 1,002 85 2,758 2,201
1997 O 7 2,314 75,226 76,899 2,415 29,446 52,020 1,153 20,529,048 825 295 26,576 660 352 252 12,717 721 61 3,566
1998 0 85 5,351 41,659 65,511 91,699 3,215 21,353 33,543 822,6348 20,351 477 237 17,292 491 199 143 7,198 408 2,053
1999 0 292 13,094 47,605 42,106 72,506 52,813 2,295 13,761 ,1126 545 5,768 14,476 350 152 12,734 340 138 99 4,989 1,706
2000 O 708 4,240 17,116 29,845 20,418 63,783 37,748 1,652 30480, 16,576 395 3,377 9,841 190 106 7,941 212 86 62 4,175
2001 O 8 16,328 29,872 31,475 38,947 17,807 38,993 22,555 986,023 10,112 229 2,106 5,289 108 56 4,224 113 46 2,254
2002 O 19 292 64,397 29,809 19,581 20,078 7,723 16,850 9,379 90 3 2,380 3,898 80 862 2,150 45 23 1,745 47 950
2003 0 0 433 1,147 123,651 26,248 11,149 13,366 4,959 10,378,6485 276 1,614 2,271 53 557 1,479 31 16 1,200 685
2004 0 113 63 15,462 14,701 219,741 35,230 11,345 13,856 35,131,040 6,866 261 1,842 2,705 62 546 1,448 30 16 1,847
2005 O 4 1,501 227 24,830 10,699 253,804 26,742 8,159 11,486,4714 8,625 5,035 199 1,686 2,354 52 458 1,214 25 1,562
2006 O 510 2,096 36,528 1,040 38,517 6,721 217,731 22,572 067,1 9,673 3,305 6,727 3,331 137 1,147 1,894 42 368 977 1,277
2007 0 94 14,822 2,385 49,955 738 26,122 4,637 151,911 15,646,053 6,548 2,400 4,864 2,612 120 673 1,111 25 216 1,322
2008 0 9 12,055 79,049 1,732 56,525 1,094 20,570 3,648 128,641,643 3,705 5,108 1,604 3,464 1,906 81 452 747 16 1,034
2009 0 182 64 32,288 47,008 1,176 28,916 407 8,276 1,554 86,414,652 1,712 1,882 729 1,489 869 37 206 340 479
2010 O 85 29,718 414 81,632 59,245 1,341 17,439 307 5,517 876,66@ 2,358 919 772 332 629 367 16 87 346
2011 O 1,841 5,869 196,203 513 24,897 24,656 725 9,406 139 712,7 519 16,360 1,501 455 521 179 339 198 8 233
2012 0 84 48,647 18,448 87,467 301 16,142 16,823 491 5,877 85,6051 273 8,981 852 239 313 108 204 119 145
2013 0 7 740 166,930 16,231 41,130 412 18,729 18,920 558 66,87 100 2,177 337 10,309 962 284 372 128 242 314
2014 0 34 7,711 8,799 178,832 16,944 52,138 239 10,115 10,902 274 4,707 56 986 171 5,995 566 167 219 75 328
2015 0 1,140 786 12,302 4,972 137,012 9,150 17,093 82 3,341 4523, 104 1,218 18 358 70 2,240 212 62 82 151
2016 O 81 112,811 4,866 20,129 5,783 142,118 11,186 19,518 82,139 4,552 98 1,305 33 683 116 3,727 352 104 387
2017 0 5,098 1,051 142,758 8,539 23,126 8,390 194,058 14,5127,292 115 5,147 5,581 144 1,566 24 451 7 2,457 232 324
2018 0 8,760 86,681 1,154 118,055 4,238 22,339 5,930 128,8329,919 17,333 77 3,137 3,264 105 1,284 17 330 56 1,799 407
2019 O 49 27,456 83,049 1,082 139,571 7,426 17,730 4,504 6401, 7,371 13,910 56 2,888 2,307 70 717 10 184 31 1,232
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Table 24. For the strong cohorts, calculations of what happens toithradss at each age. Start Biomass is the biomass at the lmegafrihe year,
Catch Weight is the catch for the cohort for the year, M is tioentass attributed to natural mortality, and Surviving Bass is what survives to the
end of the year. Surviving Biomass does not equal the StarhBss in the following year because the empirical weigtitsga change between
years. Estimated quantities are MLEs.

1999 cohort 2010 cohort 2014 cohort 2016 cohort

Start Catch Surviving Start Catch Surviving Start Catch Surviving Start Catch Surviving
Age Biomass Weight Biomass Biomass Weight Biomass Biomass Weight Biomass Biomass Weight Biomass
% Tooost 0005t %90t Toooer  ooost 000t 9005t ooos: ooost ooost 9995t ooost  ooost 0005t %9t ooos:
0 160.4 0.0 30.2 130.2 187.5 0.0 35.3 152.2 125.2 0.0 23.6 6101. 63.3 0.0 11.9 51.4
1 1,627.0 0.7 306.3 1,320.0 798.0 1.8 150.1 646.0 433.3 1.1 581 350.7 386.1 5.1 72.2 308.8
2 1,992.8 16.3 373.6 1,602.9 1,641.9 48.6 304.2 1,289.0 71012 112.8 200.6 8135 778.9 86.7 137.8 554.4
3 2,557.8 64.4 475.1 2,018.3 2,160.4 166.9 389.8 1,603.7 37893 142.8 237.3 957.9 689.9 83.0 121.4 485.5
4 2,305.1 123.7 4215 1,760.0 2,139.9 178.8 384.7 1,576.4 2011 118.1 214.0 868.9 510.3
5 1,791.6 219.7 314.7 1,257.1 1,547.2 137.0 277.3 1,132.8 3.390 139.6 155.6 608.1
6 1,342.9 253.8 226.4 862.7 1,116.0 142.1 195.5 778.4 614.5
7 907.8 217.7 148.0 542.1 909.8 194.1 151.0 564.8
8 587.1 151.9 94.5 340.7 614.3 128.8 102.2 383.3
9 379.5 118.7 58.7 202.1 401.4 101.6 64.8 234.9
10 215.0 46.4 35.6 133.0 247.5
11 151.9 25.7 25.9 100.3
12 121.2 16.4 21.1 83.7
13 78.2 9.0 13.8 55.4
14 59.8 10.3 10.2 39.3
15 38.9 6.0 6.7 26.2
16 31.0 2.2 5.6 23.1
17 29.3 3.7 5.1 20.4
18 11.5 2.5 1.9 7.2
19 8.6 1.8 0.2 6.6
20 4.9
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Table 25. Time series of median posterior population estimates frioenblase model. Relative spawning
biomass is spawning biomass relative to the unfished equilib(By). Total biomass includes females and
males of ages 0 and above. Age-2+ biomass includes femalesiales ages 2 and above. Exploitation
fraction is total catch divided by total age-2+ biomass.aftet fishing intensity is (1-SPR)/(1-Skds,)-

ngvrcr?ilr? Relative Total Age-2+ Age-0 Relative Exploitation
Year t?iomassg spawning biomass biomass recruits fishing f?action
(thousand 1) biomass (thousandt) (thousandt) (millions) intensity

1966 839 45.6% 2,214 2,018 1,407 50.7% 6.8%
1967 836 45.9% 2,296 2,080 4,317 69.0% 10.3%
1968 835 45.8% 2,411 2,024 2,718 50.4% 6.0%
1969 912 50.5% 2,725 2,488 715 62.4% 7.2%
1970 1,072 59.7% 2,907 2,699 8,269 68.7% 8.7%
1971 1,103 61.5% 3,155 2,502 776 51.4% 6.2%
1972 1,174 65.6% 3,559 3,489 496 39.4% 3.4%
1973 1,517 84.3% 3,643 3,506 5,481 43.1% 4.6%
1974 1,491 83.3% 3,658 3,236 353 49.9% 6.5%
1975 1,725 96.2% 4,588 4,450 1,679 54.5% 6.2%
1976 2,117 118.2% 4,831 4,685 202 47.4% 5.9%
1977 1,819 101.5% 4,513 4,160 6,114 31.9% 3.2%
1978 1,541 85.7% 3,683 3,324 143 31.4% 2.8%
1979 1,603 89.2% 4,159 4,078 1,281 33.9% 4.1%
1980 1,615 89.5% 4,389 3,583 16,291 26.3% 2.5%
1981 1,470 81.3% 4,603 3,206 263 38.3% 4.7%
1982 1,499 83.4% 5,116 5,078 303 32.1% 2.4%
1983 2,133 118.3% 4,898 4,844 506 30.6% 2.6%
1984 2,198 121.6% 5,136 4,649 13,248 35.5% 3.4%
1985 1,981 109.2% 6,150 4,314 140 23.9% 3.0%
1986 1,991 109.9% 5,978 5,956 184 41.9% 4.0%
1987 2,326 128.3% 5,396 5,238 6,310 46.9% 4.8%
1988 2,258 124.4% 5,480 4,751 2,006 47.5% 6.8%
1989 1,832 101.0% 4,944 4,715 122 54.7% 7.3%
1990 1,947 107.2% 4,560 4,479 4,199 49.0% 7.0%
1991 1,826 100.3% 4,398 3,931 1,173 72.5% 8.4%
1992 1,507 82.7% 3,750 3,624 132 62.4% 7.5%
1993 1,200 65.9% 2,836 2,771 3,105 53.1% 6.2%
1994 1,160 63.6% 2,830 2,487 3,260 63.9% 16.5%
1995 997 54.6% 2,809 2,506 1,202 56.1% 11.0%
1996 977 53.5% 2,694 2,571 1,820 70.5% 11.7%
1997 1,013 55.4% 2,557 2,411 1,041 72.4% 14.0%
1998 859 47.0% 2,111 2,012 1,941 87.9% 14.4%
1999 719 39.4% 2,093 1,690 12,823 97.0% 18.5%
2000 768 42.2% 3,886 1,941 322 69.1% 15.1%
2001 1,079 59.4% 4,055 4,026 1,229 68.8% 5.4%
2002 1,881 103.2% 4,433 4,360 34 47.7% 4.0%
2003 1,715 94.3% 3,778 3,749 1,707 44.4% 4.6%
2004 1,363 74.9% 3,119 2,972 64 72.7% 10.6%
2005 1,064 58.5% 2,527 2,478 2,759 70.1% 13.8%
2006 865 47.5% 2,231 1,909 1,978 82.7% 18.7%
2007 679 37.3% 1,782 1,710 27 87.3% 14.7%
2008 691 38.1% 1,835 1,750 5,424 89.6% 19.7%
2009 602 33.4% 1,611 1,298 1,416 77.4% 12.5%
2010 591 32.7% 2,203 1,829 15,344 94.0% 11.8%
2011 727 40.1% 2,826 1,794 432 89.0% 16.7%
2012 940 51.6% 3,579 3,508 1,425 67.9% 5.5%
2013 1,696 93.6% 4,111 3,958 339 65.2% 7.5%
2014 1,784 98.5% 4,225 4,031 9,401 61.8% 7.7%
2015 1,337 73.9% 3,527 2,960 63 47.2% 5.8%
2016 1,198 66.0% 3,703 3,605 4,550 74.6% 8.3%
2017 1,548 85.2% 4,071 3,612 2,206 78.2% 13.3%
2018 1,484 81.2% 4,206 3,824 358 75.4% 11.6%
2019 1,379 75.6% 3,442 3,355 924 76.4% 11.5%
2020 1,196 65.0% 2,916 2,640 923 - -
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Table 26. Time-series of 95% posterior credibility intervals for tipeantities shown in Tabl25.

ster:ilr? Relative Total Age-2+ re?cgrﬁ;tos (1-SPR) £y pioitation
Year tfiomasg spawning biomass biomass / ffaction
(thousand 1) biomass (thousandt) (thousand t) (millions) (1-SPRyo%)
1966 500-1,497  27.9-78.0% 1,455-3,982 1,235-3,642 8%38,1 27.8- 74.5% 3.8-11.1%
1967 516-1,511 28.2- 79.5% 1,538-4,142 1,334-3,672 376162 41.3-93.8% 5.8-16.1%
1968 523-1,507  27.7-80.7% 1,600-4,550 1,269-3,905 20238, 27.6-73.8% 3.1- 9.6%
1969 594-1,736 31.0- 86.4% 1,828-5,155 1,651-4,766 5883,7 35.1- 86.0% 3.8-10.9%
1970 711-2,038 36.1-106.2% 1,918-5,644 1,789-5,243 4188866  39.4- 93.1% 4.5-13.1%
1971 714-2,175 36.5-111.3% 2,015-6,255 1,614-4,868 902, 26.8-75.6% 3.2-9.6%
1972 749-2,274  38.3-119.0% 2,252-7,072 2,203-6,953 ®B11, 19.3-61.3% 1.7-5.3%
1973 963-2,942  48.3-151.5% 2,304-7,090 2,218-6,833 2127360 21.8- 66.1% 2.4-7.3%
1974 946-2,872  48.0-149.5% 2,315-7,092 2,047-6,214 2991, 25.4-74.5% 3.4-10.3%
1975 1,071-3,303 54.8-171.8% 2,838-8,897 2,766-8,638 -3151 27.8-82.1% 3.2-10.0%
1976 1,317-4,027  67.4-209.4% 2,999-9,202 2,921-8,917 7823- 24.0- 73.5% 3.1-9.5%
1977 1,124-3,416  58.8-180.5% 2,810-8,480  2,570-7,832 573]2,796  15.2-52.8% 1.7-5.1%
1978 967-2,820 49.9-149.5% 2,315-6,761 2,088-6,103 18- 6615.2- 52.1% 1.5-4.4%
1979 1,024-2,880 52.8-154.3% 2,637-7,487 2,595-7,336 -3@B0 17.3-54.3% 2.3-6.4%
1980 1,041-2,833 54.0-152.8% 2,851-7,784 2,310-6,270 39932,036 13.3-43.1% 1.4- 3.9%
1981 966-2,496  49.6-135.6% 3,050-7,953 2,102-5,434 ®e41, 20.9-58.5% 2.8-7.2%
1982 1,006-2,526 51.6-138.9% 3,427-8,611 3,399-8,571 963- 17.2-50.8% 1.4- 3.6%
1983 1,462-3,497 73.2-193.0%  3,353-8,037 3,322-7,961 1828  16.7-48.1% 1.6-3.7%
1984 1,546-3,492 76.0-196.8% 3,616-8,225 3,268-7,384 98823,199 19.5-54.2% 2.2-4.9%
1985 1,422-3,071 68.9-174.1%  4,390-9,673 3,103-6,683 529- 13.4-37.4% 2.0- 4.2%
1986 1,471-2,988 70.2-170.9% 4,384-9,089 4,368-9,077 622- 25.2-59.6% 2.6-5.4%
1987 1,732-3,435 83.2-199.7%  4,012-8,025 3,902-7,744 484]1D,755  29.1- 65.6% 3.2- 6.4%
1988 1,705-3,256  81.7-190.7% 4,154-8,054 3,588-6,857 1713,656 29.7- 65.8% 4.7- 8.9%
1989 1,411-2,594 66.7-153.6%  3,836-7,122 3,635-6,791 4Q9- 36.0- 73.5% 5.1- 9.5%
1990 1,527-2,728 71.1-160.4% 3,594-6,402 3,538-6,288 5528937 32.0- 66.0% 4.9- 8.8%
1991 1,466-2,494 66.8-149.2%  3,514-6,058 3,152-5,357  -3@27 49.2-100.4% 6.2-10.5%
1992 1,221-2,032 55.3-122.8% 3,035-5,108 2,929-4,911 429- 41.8-92.9% 5.5-9.2%
1993 984-1,612  43.8-97.9% 2,323-3,827 2,270-3,720 24866  34.2-83.6% 4.7-7.6%
1994 968-1,528 42.4- 94.0% 2,334-3,774 2,070-3,274 2211 44.2- 85.5% 12.5-19.8%
1995 826-1,318  36.8-81.0% 2,305-3,773 2,063-3,329 740132, 39.0-73.8% 8.2-13.4%
1996 811-1,285 35.9-80.1% 2,220-3,617 2,114-3,412 12860 50.9- 91.9% 8.8-14.2%
1997 838-1,341  37.1-82.7% 2,108-3,430 1,996-3,206 5@&251, 53.6-90.7% 10.6-16.9%
1998 711-1,142 31.1-70.1% 1,737-2,841 1,666-2,693 12295 67.9-104.1% 10.6-17.4%
1999 592-976  26.1-59.1% 1,683-2,891 1,382-2,305 9,1588B0 75.4-113.8% 13.6-22.6%
2000 617-1,068 28.0- 63.1% 3,012-5,607 1,551-2,693 10¥- 6749.3- 86.2% 10.9-18.9%
2001 858-1,504  39.2- 88.6% 3,194-5,727  3,172-5,682 84B51, 49.0-86.1% 3.8- 6.9%
2002 1,508-2,593 67.7-153.3% 3,557-6,135 3,498-6,034 1%-1 32.1- 63.6% 2.9- 5.0%
2003 1,414-2,298 62.3-138.7%  3,113-5,092 3,092-5,039 00122739  29.4- 60.2% 3.4- 5.6%
2004 1,147-1,781  49.5-109.3% 2,613-4,122 2,499-3,894 212- 50.9-97.5% 8.1-12.6%
2005 901-1,392  38.7-85.3% 2,121-3,345 2,082-3,267 149281  49.0-93.2% 10.5-16.4%
2006 726-1,144 31.8- 70.3% 1,846-3,015 1,599-2,527 13301 59.8-112.8% 14.1-22.3%
2007 559-924  25.0-55.5% 1,455-2,462 1,400-2,360 5-93 -62618% 10.6-18.2%
2008 558- 979 25.4-57.7% 1,475-2,599 1,414-2,469 3,868008, 67.4-111.0% 14.0-24.4%
2009 472-872  21.9-50.7% 1,256-2,355 1,019-1,880 80602,6%3.4-100.1% 8.6-15.9%
2010 458- 871 21.4- 50.0% 1,678-3,345 1,416-2,713 9,9985D7 68.2-120.1% 8.0-15.3%
2011 556-1,102  26.3-61.6% 2,090-4,485 1,364-2,715 162- 9%2.5-116.5% 10.9-21.8%
2012 687-1,497 33.6- 82.6% 2,570-5,815 2,529-5,703 83%22, 44.2-93.7% 3.4-7.7%
2013 1,217-2,755  60.7-152.0% 2,933-6,685 2,831-6,443 -880 42.8-86.2% 4.6-10.4%
2014 1,260-2,916 63.4-160.4% 2,953-6,993 2,830-6,645 87518,479 39.3- 85.4% 4.7-10.9%
2015 927-2,214  46.8-122.3% 2,425-5,918 2,049-4,892 11- 2827.6- 70.6% 3.5- 8.4%
2016 816-2,017 41.5-110.1% 2,446-6,365 2,391-6,201 210/816 47.1-102.4% 4.9-12.5%
2017 979-2,715  51.1-146.9% 2,524-7,184 2,204-6,143 89715 49.4-113.6% 7.6-21.2%
2018 860-2,739 46.1-143.7% 2,426-8,022 2,214-7,168 3363, 45.0-108.2% 6.2-20.1%
2019 736-2,706  39.8-140.1% 1,821-6,863 1,767-6,681 58376 45.4-109.3% 5.7-21.8%
2020 550-2,508 30.7-129.5% 1,368-6,398 1,243-5,498 53814 - -
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Table 27. Select parameters, derived quantities, and reference ggtimates for the base model MLE and
posterior median (MCMC) estimates with an additional corigoa to posterior median estimates from
the previous (2019) base model.

Posterior
Posterior median from

MLE median 2019 base
model

Parameters
Natural mortality M) 0.209 0.229 0.231
Unfished recruitmentRy, millions) 1,600 2,505 2,770
Steepnesshj 0.854 0.816 0.816
Additional acoustic survey SD 0.249 0.297 0.308
Dirichlet-Multinomial fishery (log6ish) -0.164 -0.559 -0.551
Dirichlet-Multinomial survey (lo®sun) 2.246 2.332 -
Catchability @) 1.088 0.903 0.964
Derived Quantities
2010 recruitment (millions) 11,648 15,344 13,583
2014 recruitment (millions) 7,034 9,401 8,467
2016 recruitment (millions) 3,385 4,550 3,895
Unfished female spawning bioma$(thousand t) 1,385 1,832 2,026
2009 relative spawning biomass 36.7% 33.4% 28.1%
2020 relative spawning biomass 62.6% 65.0% -
2019 relative fishing intensity: (1-SPR)/(1-SRR) 89.2% 76.4% -
Female spawning biomassképr=400Bspr=409 thousand t) 517 656 722
Reference Points (equilibrium) based orF spr=40%
SPR atFspr=40% 40.0% 40.0% 40.0%
Exploitation fraction corresponding to SPR 17.0% 18.3% 3%8.
Yield at Bspr=409(thousand t) 223 308 339
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Table 28. Summary of median and 95% credibility intervals of equilibn reference points for the Pacific
Hake base assessment model. Equilibrium reference poartseomputed using 2015-2019 averages for
mean weight-at-age and baseline selectivity.

. 2.5n . 97.5"
Quantity percentile Median percentile
Unfished female spawning bioma&g(thousand t) 1,231 1,832 2,853
Unfished recruitmentp, millions) 1,403 2,505 4,961
Reference points (equilibrium) based orFspr_40%

Female spawning biomasskpr-40% (thousand t) 397 656 1,025
SPR atFspr_40% = 40% =
Exploitation fraction corresponding fspr-40% 16.0% 18.3% 20.9%
Yield associated witlrspr-409, (thousand t) 176 308 544
Reference points (equilibrium) based orB4gg, (40% of Bp)

Female spawning biomasB4pq, thousand t) 492 733 1,141
SPR atBsg9 40.6% 43.4% 50.6%
Exploitation fraction resulting i 12.6% 16.2% 19.2%
Yield at Bagy, (thousand t) 174 301 531
Reference points (equilibrium) based on estimated MSY

Female spawning biomasBy(sy, thousand t) 295 466 799
SPR at MSY 22.3% 29.4% 45.4%
Exploitation fraction corresponding to SPR at MSY 15.2% 826. 35.0%
MSY (thousand t) 182 325 585
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Table 29. Forecast quantiles of Pacific Hake relative spawning bignaashe beginning of the year before
fishing. Catch alternatives are based on: constant catelsléows a, b, c, d, e, ), including catch similar
to 2019 (row d) and the TAC from 2019 (row f), the catch values result in a median relative fishing
intensity of 100% (row g), the median values estimated \éadéfault harvest policy&pr-400—40:10) for
the base model (row h), and the fishing intensity that resubis50% probability that the median projected
catch will remain the same in 2020 and 2021 (row i). Catch @222@oes not impact the beginning of the
year biomass in 2022.

Within model quantile 5% 25% 50% 75% 95%
Management Action _— . . .
Year Catch (0 Beginning of year relative spawning biomass
a 2020 0 35% 51% 65% 83% 116%
2021 0 34% 48% 62% 79% 111%
2022 0 33% 48% 62% 80% 125%
b: 2020 180,000  35% 51% 65% 83% 116%
2021 180,000 30% 44% 58% 74% 106%
2022 180,000 26% 40% 53% 71% 116%
c: 2020 350,000 35% 51% 65% 83% 116%
2021 350,000 26% 40% 53% 70% 101%
2022 350,000 18% 32% 45% 63% 107%
d: 2020 410,000 35% 51% 65% 83% 116%
2019 2021 410,000 24% 38% 52% 69% 99%
catch 2022 410,000 15% 29% 42% 60% 104%
e: 2020 500,000 35% 51% 65% 83% 116%
2021 500,000 22% 36% 50% 66% 97%
2022 500,000 11% 25% 38% 56% 100%
f: 2020 597,500 35% 51% 65% 83% 116%
2019 2021 597,500 20% 34% 47% 64% 94%
TAC 2022 597,500 9% 21% 34% 52% 95%
g: 2020 558,094, 35% 51% 65% 83% 116%
Fl= 2021 438,261 21% 35% 48% 65% 95%
100% 2022 361,901 11% 26% 39% 56% 100%
h: 2020 666,458 35% 51% 65% 83% 116%
default 2021 484,844 18% 32% 46% 62% 92%
HR 2022 387,238 9% 22% 35% 53% 96%
i: 2020 523,713 35% 51% 65% 83% 116%
C2020= 2021 523,714 22% 36% 49% 66% 96%
C2021 2022 411,472 10% 24% 37% 55% 99%
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Table 30. Decision table of forecast quantiles of Pacific Hake redatishing intensity (1-SPR)/(1-SR&s),
expressed as a percentage, for the 2020-2022 catch dltesnptesented in Tabl29. Values greater
than 100% indicate fishing intensities greater thanR&e 400, harvest policy calculated using baseline
selectivity.

Within model quantile 5% 25% 50% 75% 95%
Manag\e};naernt 'é;tt'gk? © Relative fishing intensity
a 2020 0 0% 0% 0% 0% 0%
2021 0 0% 0% 0% 0% 0%
2022 0 0% 0% 0% 0% 0%
b: 2020 180,000 30% 42% 52% 63% 82%
2021 180,000 31% 44% 55% 67% 88%
2022 180,000 30% 45% 57% 70% 93%
C: 2020 350,000 50% 67% 79% 91% 112%
2021 350,000 53% 71% 86% 100% 123%
2022 350,000 53% 75% 92% 108% 135%
d: 2020 410,000 56% 73% 86% 98% 118%
2019 2021 410,000 59% 79% 94% 109% 132%
catch 2022 410,000 60% 83% 101% 118% 143%
e: 2020 500,000 64% 82% 95% 107% 127%
2021 500,000 68% 89% 105% 120% 141%
2022 500,000 69% 95% 114% 132% 147%
f: 2020 597,500 71% 90% 103% 115% 134%
2019 2021 597,500 76% 98% 114% 129% 145%
TAC 2022 597,500 79% 106% 125% 140% 148%
g: 2020 558,094 68% 87% 100% 112% 131%
Fl= 2021 438,261 63% 84% 100% 116% 139%
100% 2022 361,901 56% 81% 100% 119% 144%
h: 2020 666,458 76% 95% 108% 120% 138%
default 2021 484,844 68% 90% 107% 123% 144%
HR 2022 387,238 60% 86% 107% 127% 146%
i 2020 523,713 66% 84% 97% 109% 129%
C2020= 2021 523,714 70% 91% 107% 122% 143%
C2021 2022 411,472 62% 87% 107% 126% 146%
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Table 31. Probabilities related to spawning biomass, relative figltensity, and the 2021 default harvest
policy catch for alternative 2020 catch options (catchapiexplained in Tabl29).

Probability  Probability
2020 relative 2021 default

Catch Probability Probability Probability Probability fishing harvest policy

in 2020 B2021<B2020 B2021<B40v%s B2021<B25% B2021<B10% intensity catch
>100% <2020 catch

ao 81% 11% 1% 0% 0% 0%

b: 180,000 91% 18% 2% 0% 1% 1%

c: 350,000 94% 26% 4% 0% 14% 17%
d: 410,000 95% 28% 6% 0% 22% 28%
e: 500,000 96% 32% 8% 0% 39% 45%
f: 597,500 97% 37% 10% 0% 57% 62%
g: 558,094 96% 35% 10% 0% 50% 56%
h: 666,458 97% 40% 13% 1% 66% 71%
i: 523,713 96% 33% 8% 0% 43% 50%

Table 32. Probabilities related to spawning biomass, relative figlmtensity, and the 2022 default harvest
policy catch for alternative 2021 catch options, given tB2@catch level shown in Tab84 (catch options
explained in Tabl9).

Probability  Probability
2021 relative 2022 default

Catch Probability Probability Probability Probability fishing harvest policy

in 2021 B2022<B2021 B2022<Baoy, B2022<B2s%, B2022<B10%

intensity catch

>100% <2021 catch
a:0 63% 12% 1% 0% 0% 0%
b: 180,000 75% 25% 5% 0% 1% 2%
c: 350,000 82% 40% 12% 1% 25% 27%
d: 410,000 83% 46% 17% 2% 39% 40%
e: 500,000 86% 53% 24% 4% 58% 59%
f: 597,500 87% 60% 33% 7% 72% 74%
g: 438,261 84% 52% 24% 4% 50% 51%
h: 484,844 84% 58% 31% 7% 61% 62%
i: 523,714 86% 54% 27% 5% 62% 63%

Pacific Hake assessment 2020 105 SecTienmables



Table 33. Maximum likelihood estimates (MLE) of select parameteesj\ied quantities, reference points, and negative loditikeds for the base

model and some sensitivity runs (described in Sec3i@h

Steepness

Mean Steepness Sigma Sigma  Natural Natural Add McAllister .
Base : ; . . . Francis
model Prior Fix R R Mortality ~ Mortality 1 Ia.nellll Weighting
Low 1.0 1.0 1.6 (SD=0.2) (SD=0.3) Weighting
Index

(0.5)
Parameters
Natural mortality M) 0.209 0.212 0.208 0.210 0.209 0.226 0.238 0.210 0.211 0.209
Ry (millions) 1,600 1,624 1,588 1,322 1,860 1,955 2,283 1,670 ,9784 1,517
Steepnesshj 0.854 0.562 1.000 0.855 0.858 0.851 0.849 0.854 0.856 0.855
Additional acoustic survey SD 0.249 0.249 0.249 0.248 0.2490.249 0.250 0.252 0.245 0.240
Dirichlet-Multinomial fishery (log6ish) -0.164 -0.164 -0.164 -0.224  -0.148 -0.166 -0.167 -0.171 - -
Dirichlet-Multinomial survey (lo®sur) 2.246 2.246 2.246 2.180 2.265 2.242 2.239 2236 - -
Additional age-1 index SD - - - - - - - 0.160 - -
Derived Quantities
2010 recruitment (millions) 11,648 11,927 11,572 11,753 ,682 13,539 15,210 12,223 11,678 11,435
2014 recruitment (millions) 7,034 7,160 6,999 7,021 7,048 ,048 8,928 7,749 6,846 6,517
2016 recruitment (millions) 3,385 3,429 3,373 3,362 3,394 ,86G6 4,278 3,745 3,374 3,312
Bo (thousand t) 1,385 1,369 1,383 1,133 1,608 1,468 1,550 1,4321,681 1,313
2009 relative spawning biomass 36.7% 37.7% 36.6% 45.4% 931.6 37.8% 38.3% 36.2% 29.6% 37.8%
2020 relative spawning biomass 62.6% 63.5% 62.6% 76.8% 953.8 64.5% 65.5% 71.8% 51.2% 62.5%
Reference Points based oRspr_409%
2019 rel. fishing intensity: (1-SPR)/(1-SRJ3%) 89.2% 88.3% 89.5% 88.0% 89.5% 81.9% 76.4% 83.9% 89.5% 90.6%
Female spawning biomasBF(to%; thousand t) 517 349 553 423 601 547 577 535 628 490
SPRysY-proxy 40.0% 40.0% 40.0% 40.0%  40.0% 40.0% 40.0% 40.0% 40.0% 40.0%
Exploitation fraction corresponding to SPR 17.0% 17.2% 9%6. 17.1% 17.0% 18.0% 18.7% 17.1% 17.1% 17.0%
Yield atBg,, (thousand t) 223 153 238 183 259 254 283 232 274 211
Negative log likelihoods
Total 682.82 683.96 692.61 695.16 681.43 682.63 682.49 685.68 .4381 458.62
Survey -7.95 -7.95 -7.96 -8.00 -7.94 -7.94 -7.92 -6.85 -8.09 -8.31
Survey age compositions 86.45 86.44 86.46 87.29 86.23 86.51 86.54 86.61 39.52 32.65
Fishery age compositions 538.86 538.80 538.87 545.97 537.0639.03 539.16 540.34 101.69 365.04
Recruitment 49.82 50.73 49.58 53.61 50.66 49.23 48.86 50.0540.88 51.64
Parameter priors 0.81 1.12 10.83 0.80 0.83 0.90 0.88 0.83 9 0.0 0.04
Parameter deviations 14.83 14.83 14.83 15.49 14.60 1490 9714 14.71 7.36 17.55
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Table 34. Maximum likelihood estimates (MLE) of select parameteesjyied quantities, reference points, and negative loditikeds for the base
model and further sensitivity runs (described in Sec8@).

Phi Phi Phi Semi-Parametric Semi-Parametric
Base t.v. t.v. t.v. t.v t.v.
model selectivity selectivity selectivity selectivity selectivity
(0.21) (0.70) (2.10) (0.695) (1.0)
Parameters
Natural mortality M) 0.209 0.205 0.206 0.210 0.210 0.211
Ry (millions) 1,600 1,696 1,566 1,626 1,749 1,687
Steepnesshj 0.854 0.856 0.855 0.854 0.855 0.855
Additional acoustic survey SD 0.249 0.254 0.247 0.249 0.272 0.252
Dirichlet-Multinomial fishery (log6sish) -0.164 -0.590 -0.265 -0.120 -0.396 -0.208
Dirichlet-Multinomial survey (lo®sun) 2.246 2.072 2.225 2.244 2.248 2.252
Derived Quantities
2010 recruitment (millions) 11,648 11,775 11,400 11,782 ,32Q 11,886
2014 recruitment (millions) 7,034 7,244 6,877 7,054 9,511 927
2016 recruitment (millions) 3,385 5,858 3,430 3,414 6,245 , 283
Bo (thousand t) 1,385 1,510 1,384 1,393 1,492 1,433
2009 relative spawning biomass 36.7% 32.8% 36.2% 36.8% 933.8 35.6%
2020 relative spawning biomass 62.6% 98.4% 66.4% 61.4% 1905. 74.7%
Reference Points based oRspr_40%
2019 rel. fishing intensity: (1-SPR)/(1-SRj%) 89.2% 78.6% 89.2% 88.3% 76.4% 82.6%
Female spawning biomasBF(to%; thousand t) 517 564 517 520 557 535
SPRysY-proxy 40.0% 40.0% 40.0% 40.0% 40.0% 40.0%
Exploitation fraction corresponding to SPR 17.0% 16.8% 9%6. 17.0% 17.1% 17.1%
Yield at = (thousand t) 223 239 221 225 242 233
Negative log likelihoods
Total 682.82 792.63 708.48 672.19 829.27 832.20
Survey -7.95 -7.78 -8.04 -7.94 -7.13 -7.86
Survey age compositions 86.45 91.42 86.93 86.47 87.58 86.52
Fishery age compositions 538.86 611.01 554.98 532.18 §74.8 543.67
Recruitment 49.82 49.94 50.65 49.28 50.60 49.41
Parameter priors 0.81 0.70 0.76 0.84 0.87 0.87
Parameter deviations 14.83 47.34 23.19 11.37 122.45 159.59
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Table 35. Maximum likelihood estimates (MLE) of select parameteesjwied quantities, reference points, and negative loditikeds for the base
model and further sensitivity runs (described in Sec8@).

No
Base -
model  29%'"9
error
Parameters
Natural mortality M) 0.209 0.205
Rp (millions) 1,600 1,851
Steepnesshj 0.854 0.836
Additional acoustic survey SD 0.249 0.222
Dirichlet-Multinomial fishery (log6ish) -0.164 -1.711
Dirichlet-Multinomial survey (Iog8sun) 2.246 0.746
Derived Quantities
2010 recruitment (millions) 11,648 13,212
2014 recruitment (millions) 7,034 7,507
2016 recruitment (millions) 3,385 3,377
B (thousand t) 1,385 1,649
2009 relative spawning biomass 36.7% 37.3%
2020 relative spawning biomass 62.6% 60.4%

Reference Points based oRspr—409%
2019 rel. fishing intensity: (1-SPR)/(1-SRj) 89.2% 85.7%

Female spawning biomasBF(m%; thousand t) 517 609
SPRysY-proxy 40.0% 40.0%
Exploitation fraction corresponding to SPR 17.0% 16.6%
Yield at BF.o, (thousand t) 223 256
Negative log likelihoods

Total 682.82 1,004.67
Survey -7.95 -9.06
Survey age compositions 86.45 116.93
Fishery age compositions 538.86  840.50
Recruitment 49.82 46.64
Parameter priors 0.81 0.49
Parameter deviations 14.83 9.16
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Table 36. Select parameters, derived quantities, and reference gatimates for the base model MLE and posterior median (ME&Gmates with
an additional comparison to posterior median estimatesn ffee No-U-Turn Sampler (NUTS).

Posterior

MLE median

AD

NUTS

Parameters

Natural mortality M)

Unfished recruitmentRy, millions)
Steepnesshj

Additional acoustic survey SD
Dirichlet-Multinomial fishery (l0g6ish)
Dirichlet-Multinomial survey (logsurv)
Catchability €)

Derived Quantities

2010 recruitment (millions)

2014 recruitment (millions)

2016 recruitment (millions)

Unfished female spawning bioma$( thousand t)
2009 relative spawning biomass

2020 relative spawning biomass

2019 relative fishing intensity: (1-SPR)/(1-SRR)

Female spawning biomassképr=400(Bspr=409 thousand t)

Reference Points (equilibrium) based orFspr=40%
SPR afspr=40% .

Exploitation fraction corresponding to SPR

Yield at Bspr=409s(thousand t)

0.209 0.229

1,600 2,505

0.854 0.816

0.249 0.297

-0.164 -0.559

2.246 2.332
1.088 0.903

11,648 15,344
7,034 9,401
3,385 4,550
1,385 1,832

36.7% 33.4%
62.6% 65.0%
89.2% 76.4%

517 656

40.0% 40.0%
17.0% 18.3%

223 308

0.231
2,314
0.810
0.301
-0.542
2.355
0.893

15,528
9,567
4,617
1,679
36.4%

597

40.0%
3%8.
281

109



8 FIGURES

’3 <5 3\ € Southeast Alaska

5
55°N - S 4

)
Dixon Entrance® % 8&—Prince Rup
&8 B

Haida Gwaii R

7

Port Hardy = o

50°N A

Strait of Juan De Fuca
Neah Bay

Westport

llwaco

Astoria

Latitude (°)
N
(6]
z

Newport

Charleston (Coos Bay)

Port Orford

Brookings
Crescent City

Fields Landing Eureka

40°N
Fort Bragg

Princeton/Half Moon Bay
Moss Landing

CA
Morro Bay
35°N 1 Santa Barbara
Newport Beach gt
Los Angeles

Dana Point

N\

Baja, Califorsiz

140°W 135°W 130°W 125°W 120°W 115°W
Longitude (°)

Figure 1. Overview map of the area in the Northeast Pacific Ocean oedupy Pacific Hake. Common
areas referred to in this document are shown.
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Figure 2. Spatial distribution of acoustic backscatter attributatol age-2 and older Pacific Hake from the Joint U.S. and Caaealastic surveys
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1 Pacific Hake from the Joint U.S. and Canada acaustieys 2003—2019.

1 Pacific Hake are not fully sampled during the acoustigey and were not explicitly considered during establishtof the survey sampling

design. Area of the circle is roughly proportional to obserbackscatter. Figure produced by Julia Clemons (NOAA).

Figure 3. Spatial distribution of acoustic backscatter attributatiol age
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Figure 4. Total Pacific Hake catch used in the assessment by sectd@-2069. U.S. tribal catches are
included in the appropriate sector.
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Figure 5. Unstandardized (raw) catch-rates (t/hr) of Pacific Hakelezd by tow in the U.S. at-sea fleet
from 2014-2019.
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Figure 6. Distribution of fishing depths (left) and bottom depths lit)g in meters, of Pacific Hake catches
in the U.S. Catcher-Processor and Mothership sectors fiehs-2019. Horizontal lines in each box
represents the median depth and boxes encompass the middlefGhe data. Whiskers encompass the
95% quantiles.
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Figure 7. Distribution of fishing depths (left) and bottom depths lftlg in meters, of Pacific Hake catches
in the Canadian fleets from 2015-2019. Horizontal lines ithdaox represents the median depth and
boxes encompass the middle 50% of the data. Whiskers enssrip@95% quantiles.
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the base model).
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Figure 13. Empirical weight-at-age (kg) values used for the base madelors correspond to the values,

with red being the lightest fish (across all years and agashare being the heaviest fish. For each age,
the most transparent cells indicate the lightest fish of éigat Data are only available from 1975-2019.

Values based on assumptions for the pre-1975 and forecast g shown outside the blue lines. Bold

values between 1975-2019 represent unavailable datalsaicleights were interpolated or extrapolated

from adjacent ages or years. The bottom row (mean) is thelsamgighted mean weight-at-age.
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