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Introduction

The annual stock assessment and fishery evaluation (SAFE) report is a requirement of the North Pacific
Fishery Management Council's Fishery Management Plan for Bering Sea/Aleutian Islands King and
Tanner Crabs (FMP), and a federal requirement [S0 CFR Section 602.12(¢)]. The SAFE report
summarizes the current biological and economic status of fisheries, total allowable catch (TAC) or
Guideline Harvest Level (GHL), and analytical information used for management decisions. Additional
information on Bering Sea/Aleutian Islands (BSAI) king and Tanner crab is available on the National
Marine Fisheries Service (NMFS) web page at https://www.fisheries.noaa.gov/about/alaska-regional-
office and the Alaska Department of Fish and Game (ADF&G) Shellfish web page at:
http://www.adfe.alaska.gov/index.cfm?adfge=CommercialByFisheryShellfish.main.

Paralithodes camtschaticus, stocks (Bristol Bay, Pribilof Islands, Norton Sound and Adak), 2 blue king
crab, Paralithodes platypus, stocks (Pribilof Islands and St Matthew Island), 2 golden (or brown) king
crab, Lithodes aequispinus, stocks (Aleutian Islands and Pribilof Islands), southern Tanner crab
Chionoecetes bairdi hereafter referred to as Tanner crab, and snow crab Chionoecetes opilio. All other
crab stocks in the BSAI are exclusively managed by the State of Alaska (SOA).

The Crab Plan Team (CPT) annually assembles the SAFE report with contributions from ADF&G and the
NMEFS. This SAFE report is presented to the North Pacific Fishery Management Council (NPFMC) and
is available to the public on the NPFMC web page at: https://www.npfmc.org/fishery-management-plan-
team/bsai-crab-plan-team/. Due to a process to accommodate specific fishery and data availability needs
to determine overfishing level (OFL) determinations, and annual catch limit (ACL) requirements, the
CPT reviews assessments in a staggered time frame. Additionally, based upon consideration of stock
prioritization including assessment methods and data availability, some stocks are assessed on an annual
basis while others are assessed less frequently. The CPT reviews one assessment in January (Norton
Sound red king crab), two assessments in May on a three-year cycle (WAI red king crab and Pribilof
Islands golden king crab) and the remaining assessments (Bristol Bay red king crab, EBS snow crab, EBS
Tanner crab, Saint Matthew blue king crab, Pribilof Island red king crab and Pribilof Island blue king
crab, Aleutian Islands golden king crab,) in September (Table 1). Pribilof red king crab is assessed
biennially while Pribilof blue king crab is assessed on a three-year cycle. Stocks can be assessed more
frequently on a case-by-case basis should data indicate that it is necessary.
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Table 1. Ten BSAI crab stocks: Schedule for review by the CPT and SSC and Assessment frequency

CPT review and  SSC review and  Assessment Year of
recommendations recommendations  frequency next
Stock to SSC to Council Assessment
Norton Sound red king crab
(NSRKC) January February Annual 2021
Aleutian Is. golden king crab
(AIGKC) May June Annual 2021
Pribilof Is. blue king crab L
(PIBKC) May June Biennial 2021
Pribilof Is. golden king crab L
(PIGKC) May June Triennial 2023
Western Aleutian Is. red king crab S
(WAIRKC) May June Triennial 2023
EBS snow crab September October Annual 2021
Bristol Bay red king crab
(BBRKC) September October Annual 2021
EBS Tanner crab September October Annual 2021
Pribilof Is. red king crab (PIRKC) September October Biennial 2021
Saint Matthew blue king crab
(SMBKC) September October Annual 2021

Based upon the assessment frequency described in Table 1, the CPT provides recommendations on OFL,
acceptable biological catch (ABC) and stock status specifications for review by the NPFMC Science and
Statistical Committee (SSC) in February (NSRKC) and June (WAIRKC, PIGKC, PIBKC, AIGKC) and
October (BBRKC, EBS Snow crab, EBS Tanner crab, SMBKC, PIRKC). The rationale for this staggered
review process is the following: The stocks with summer fisheries as well as those established on catch
data only have specifications set in June. The stocks that employ data from the EBS NMFS trawl survey
thus cannot be assessed until survey data are available in early September. Summer catch data for
NSRKC however are not available in time for fall specifications, nor is assessing this stock with the June
timing feasible as the CDQ fishery can open as early as May thus this stock is assessed in the winter.
Additional information on the OFL and ABC determination process is contained in this report.

The CPT met from September 14-17, 2020 to review the final stock assessments as well as additional
related issues, in order to provide the recommendations and status determinations contained in this SAFE
report. This final 2020 Crab SAFE report contains recommendations for all 10 stocks including those
whose OFL and ABC were previously determined in February and June 2020. This SAFE report will be
presented to the NPFMC in October 2020 for their annual review of the status of BSAI Crab stocks.

This review was attended by the entire membership of the CPT: Martin Dorn (Co-Chair), Katie Palof
(Co-Chair), James Armstrong (Coordinator), William Bechtol, Ben Daly, Ginny Eckert, Erin Fedewa,
Brian Garber-Yonts, Krista Milani, André Punt, Shareef Siddeek, William Stockhausen, Cody Szuwalski,
Miranda Westphal, and Jie Zheng.
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Stock Status Definitions

The FMP (incorporating all changes made following adoption of Amendment 24) contains the following
stock status definitions:

Acceptable biological catch (ABC) is a level of annual catch of a stock that accounts for the scientific
uncertainty in the estimate of OFL and any other specified scientific uncertainty and is set to prevent, with
a greater than 50 percent probability, the OFL from being exceeded. The ABC is set below the OFL.

ABC Control Rule is the specified approach in the five-tier system for setting the maximum permissible
ABC for each stock as a function of the scientific uncertainty in the estimate of OFL and any other
specified scientific uncertainty.

Annual catch limit (ACL) is the level of annual catch of a stock that serves as the basis for invoking
accountability measures. For EBS crab stocks, the ACL will be set at the ABC.

Total allowable catch (TAC) is the annual catch target for the directed fishery for a stock, set to prevent
exceeding the ACL for that stock and in accordance with section 8.2.2 of the FMP.

Guideline harvest level (GHL) means the preseason estimated level of allowable fish harvest which will
not jeopardize the sustained yield of the fish stocks. A GHL may be expressed as a range of allowable
harvests for a species or species group of crab for each registration area, district, subdistrict, or section.

Maximum sustainable yield (MSY) is the largest long-term average catch or yield that can be taken from
a stock or stock complex under prevailing ecological and environmental conditions. MSY is estimated
from the best information available.

Fusy control rule means a harvest strategy which, if implemented, would be expected to result in a long-
term average catch approximating MSY.

Busy stock size is the biomass that results from fishing at constant Fysy and is the minimum standard for
a rebuilding target when a rebuilding plan is required.

Maximum fishing mortality threshold (MFMT) is defined by the Forr control rule and is expressed as the
fishing mortality rate.

Minimum stock size threshold (MSST) is one half the Bmsy stock size.

Overfished is determined by comparing annual biomass estimates to the established MSST. For stocks
where MSST (or proxies) are defined, if the biomass drops below the MSST (or proxy thereof) then the
stock is considered to be overfished. For crab stocks, biomass for determining overfished status is
estimated on February 15 of the current year and compared to the MSST established by the NPFMC in
October of the previous year.

Overfishing is defined as any amount of catch in excess of the overfishing level (OFL). The OFL is
calculated by applying abundance estimates to the For. control rule which is annually estimated according
the tier system (see Chapter 6.0 in the FMP).
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Status Determination Criteria

The FMP defines the following status determination criteria and the process by which these are defined
following adoption of amendment 24 and 38.

Status determination criteria for crab stocks are calculated using a five-tier system that accommodates
varying levels of uncertainty of information. The five-tier system incorporates new scientific information
and provides a mechanism to continually improve the status determination criteria as new information
becomes available. Under the five-tier system, overfishing and overfished criteria and ABC levels for
most stocks are annually formulated. The ACL for each stock equals the ABC for that stock. Each crab
stock is annually assessed to determine its status and whether (1) overfishing is occurring or the rate or
level of fishing mortality for the stock is approaching overfishing, (2) the stock is overfished, or the stock
is approaching an overfished condition, and (3) the catch has exceeded the ACL.

For crab stocks, the OFL equals the maximum sustainable yield (MSY) and is derived through the annual
assessment process, under the framework of the tier system. Overfishing is determined by comparing the
OFL with the catch estimates for that crab fishing year. For the previous crab fishing year, NMFS will
determine whether overfishing occurred by comparing the previous year’s OFL with the catch from the
previous crab fishing year. For the previous crab fishing year, NMFS will also determine whether the
ACL was exceeded by comparing the ACL with the catch estimates for that crab fishing year. Catch
includes all fishery removals, including retained catch and discard losses, for those stocks where non-
target fishery removal data are available. Discard losses are determined by multiplying the appropriate
handling mortality rate by observer estimates of bycatch discards. For stocks where only retained catch
information is available, the OFL and ACL will be set for and compared to the retained catch.

The NMFS will determine whether a stock is in an overfished condition by comparing annual biomass
estimates to the established MSST. For stocks where MSST (or proxies) are defined, if the biomass drops
below the MSST (or proxy thereof) then the stock is considered to be overfished. MSSTs or proxies are
set for stocks in Tiers 1-4. For Tier 5 stocks, it is not possible to set an MSST because there are no
reliable estimates of biomass.

If overfishing occurred or the stock is overfished, section 304(e)(3)(A) of the Magnuson-Stevens Act, as
amended, requires the NPFMC to immediately end overfishing and rebuild affected stocks.

The Magnuson-Stevens Act requires that FMPs include accountability measures to prevent ACLs from
being exceeded and to correct overages of the ACL if they do occur. Accountability measures to prevent
TACs and GHLs from being exceeded have been used under this FMP for the management of the BSAI
crab fisheries and will continue to be used to prevent ACLs from being exceeded. These include:
individual fishing quotas and the measures to ensure that individual fishing quotas are not exceeded,
measures to minimize crab bycatch in directed crab fisheries, and monitoring and catch accounting
measures. Accountability measures in the harvest specification process include downward adjustments to
the ACL and TAC in the fishing year after an ACL has been exceeded.

Annually, the NPFMC, SSC, and CPT will review (1) the stock assessment documents, (2) the OFLs and
ABCs, and TACs or GHLs, (3) NMFS’s determination of whether overfishing occurred in the previous
crab fishing year, (4) NMFS’s determination of whether any stocks are overfished and (5) NMFS’s
determination of whether catch exceeded the ACL in the previous crab fishing year.

Optimum yield is defined in Chapter 4 of the FMP. Information pertaining to economic, social and
ecological factors relevant to the determination of optimum yield is provided in several sections of the
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FMP, including sections 7.2 (Management Objectives), Chapter 11, Appendix D (Biological and
Environmental Characteristics of the Resource), and Appendix H (Community Profiles).

For each crab fishery, the optimum yield range is 0 to < OFL catch. For crab stocks, the OFL is the
annualized MSY and is derived through the annual assessment process, under the framework of the tier
system. Recognizing the relatively volatile reproductive potential of crab stocks, the cooperative
management structure of the FMP, and the past practice of restricting or even prohibiting directed
harvests of some stocks out of ecological considerations, this optimum yield range is intended to facilitate
the achievement of the biological objectives and economic and social objectives of the FMP (see sections
7.2.1 and 7.2.2) under a variety of future biological and ecological conditions. It enables the SOA to
determine the appropriate TAC levels below the OFL to prevent overfishing or address other biological
concerns that may affect the reproductive potential of a stock but that are not reflected in the OFL

itself. Under FMP section 8.2.2, the SOA establishes TACs at levels that maximize harvests, and
associated economic and social benefits, when biological and ecological conditions warrant doing so.

Five-Tier System

The OFL and ABC for each stock are estimated for the upcoming crab fishing year using the five-tier
system, detailed in Table 2 and Table 3. First, a stock is assigned to one of the five tiers based on the
availability of information for that stock and model parameter choices are made. Tier assignments and
model parameter choices are recommended through the CPT process to the SSC. The SSC recommends
tier assignments, stock assessment and model structure, and parameter choices, including whether
information is "reliable," for the assessment authors to use for calculating the proposed OFLs and ABCs
based on the five-tier system.

For Tiers 1 through 4, once a stock is assigned to a tier, the determination of stock status level is based on
recent survey data and assessment models, as available. The stock status level determines the equation
used in calculating the Forr. Three levels of stock status are specified and denoted by “a,” “b,” and “c”
(see Table 2). The Fusy control rule reduces the Forr as biomass declines by stock status level. At stock
status level “a,” current stock biomass exceeds the Bysy. For stocks in status level “b,” current biomass is
less than Busy but greater than a level specified as the “critical biomass threshold” (B).

In stock status level “c,” the ratio of current biomass to Busy (or a proxy for Busy) is below . At stock
status level “c,” directed fishing is prohibited and an Forr at or below Fumsy would be determined for all
other sources of fishing mortality in the development of the rebuilding plan. The Council will develop a
rebuilding plan once a stock level falls below the MSST.

For Tiers 1 through 3, the coefficient a. is set at a default value of 0.1, and B set at a default value of 0.25,
with the understanding that the SSC may recommend different values for a specific stock or stock
complex as merited by the best available scientific information.

In Tier 4, a default value of natural mortality rate (M) or an M proxy, and a scalar, vy, are used in the
calculation of the Forr.

In Tier 5, the OFL is specified in terms of an average catch value over an historical time period, unless the
SSC recommends an alternative value based on the best available scientific information.

First, the assessment author prepares the stock assessment and calculates the proposed OFLs by applying
the Forr and using the most recent abundance estimates. The assessment authors calculate the proposed
ABCs by applying the ABC control rule to the proposed OFL.
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Stock assessment documents shall:
e use risk-neutral assumptions;
e specify how the probability distribution of the OFL used in the ABC control rule is calculated for
each stock; and
o specify the factors influencing scientific uncertainty that are accounted for in calculation of the
probability distribution of the OFL.

Second, the CPT annually reviews stock assessment documents, the most recent abundance estimates, the
proposed OFLs and ABCs, and complies the SAFE. The CPT then makes recommendations to the SSC
on the OFLs, ABCs, and any other issues related to the crab stocks.

Third, the SSC annually reviews the SAFE report, including the stock assessment documents,
recommendations from the CPT, and the methods to address scientific uncertainty.

In reviewing the SAFE, the CPT and the SSC shall evaluate and make recommendations, as necessary,
on:

the assumptions made for stock assessment models and estimation of OFLs;

the specifications of the probability distribution of the OFL;

the methods to appropriately quantify uncertainty in the ABC control rule; and

the factors influencing scientific uncertainty that the SOA has accounted for and will account for on
an annual basis in TAC setting.

The SSC will then set the final OFLs and ABCs for the upcoming crab fishing year. The SSC may set an
ABC lower than the result of the ABC control rule, but it must provide an explanation for setting the
ABC less than the maximum ABC.

As an accountability measure, the total catch estimate used in the stock assessment will include any
amount of harvest that may have exceeded the ACL in the previous fishing season. For stocks managed
under Tiers 1 through 4, this would result in a lower maximum ABC in the subsequent year, all else being
equal, because maximum ABC varies directly with biomass. For Tier 5 stocks, the information used to
establish the ABC is insufficient to reliably estimate abundance or discern the existence or extent of
biological consequences caused by an overage in the preceding year. Consequently, the subsequent year's
maximum ABC will not automatically decrease. However, when the ACL for a Tier 5 stock has been
exceeded, the SSC may decrease the ABC for the subsequent fishing season as an accountability measure.

Tiers 1 through 3

For Tiers 1 through 3, reliable estimates of B, Busy, and Fusy, or their respective proxy values, are
available. Tiers 1 and 2 are for stocks with a reliable estimate of the spawner/recruit relationship, thereby
enabling the estimation of the limit reference points Bmsy and Fusy.

e Tier 1 is for stocks with assessment models in which the probability density function (pdf) of Fusy
is estimated.

e Tier 2 is for stocks with assessment models in which a reliable point estimate, but not the pdf, of
Fusy is made.

e Tier 3 is for stocks where reliable estimates of the spawner/recruit relationship are not available, but
proxies for Fusy and Bmsy can be estimated.

For Tier 3 stocks, maturity and other essential life-history information are available to estimate proxy
limit reference points. For Tier 3, a designation of the form “Fx” refers to the fishing mortality rate
associated with an equilibrium level of fertilized egg production (or its proxy such as mature male
biomass at mating) per recruit equal to X% of the equilibrium level in the absence of any fishing.
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The OFL and ABC calculation accounts for all losses to the stock not attributable to natural mortality.
The OFL and ACL are total catch limits comprised of three catch components: (1) non-directed fishery
discard losses; (2) directed fishery discard losses; and (3) directed fishery retained catch. To determine
the discard losses, the handling mortality rate is multiplied by bycatch discards in each fishery.
Overfishing would occur if, in any year, the sum of all three catch components exceeds the OFL.

Tier 4

Tier 4 is for stocks where essential life-history, recruitment information, and understanding are
insufficient to achieve Tier 3. Therefore, it is not possible to estimate the spawner-recruit relationship.
However, there is sufficient information for simulation modeling that captures the essential population
dynamics of the stock as well as the performance of the fisheries. The simulation modeling approach
employed in the derivation of the annual OFLs captures the historical performance of the fisheries as seen
in observer data from the early 1990s to present and thus borrows information from other stocks as
necessary to estimate biological parameters such as y.

In Tier 4, a default value of natural mortality rate (M) or an M proxy, and a scalar, vy, are used in the
calculation of the For. Explicit to Tier 4 are reliable estimates of current survey biomass and the
instantaneous M. The proxy Bumsy is the average biomass over a specified time period, with the
understanding that the Council’s Scientific and Statistical Committee may recommend a different value
for a specific stock or stock complex as merited by the best available scientific information. A scalar, v,
is multiplied by M to estimate the Forr for stocks at status levels “a” and *“b,” and v is allowed to be less
than or greater than unity. Use of the scalar vy is intended to allow adjustments in the overfishing
definitions to account for differences in biomass measures. A default value of y is set at 1.0, with the
understanding that the Council’s Scientific and Statistical Committee may recommend a different value

for a specific stock or stock complex as merited by the best available scientific information.

If the information necessary to determine total catch OFLs and ACLs is available for a Tier 4 stock, then
the OFL and ACL will be total catch limits comprised of three catch components: (1) non-directed fishery
discard losses; (2) directed fishery discard losses; and (3) directed fishery retained catch. If the
information necessary to determine total catch OFLs and ACLs is not available for a Tier 4 stock, then the
OFL and ACL are determined for retained catch. In the future, as information improves, data would be
available for some stocks to allow the formulation and use of selectivity curves for the discard fisheries
(directed and non-directed losses) as well as the directed fishery (retained catch) in the models. The
resulting OFL and ACL from this approach, therefore, would be the total catch OFL and ACL.

Tier 5

Tier 5 stocks have no reliable estimates of biomass and only historical catch data are available. For Tier 5
stocks, the OFL is set equal to the average catch from a time period determined to be representative of the
production potential of the stock, unless the Scientific and Statistical Committee recommends an
alternative value based on the best available scientific information. The ABC control rule sets the
maximum ABC at less than or equal to 90 percent of the OFL and the ACL equals the ABC.

For Tier 5 stocks where only retained catch information is available, the OFL and ACL will be set for the
retained catch portion only, with the corresponding limits applying to the retained catch only. For Tier 5
stocks where information on bycatch mortality is available, the OFL and ACL calculations could include
discard losses, at which point the OFL and ACL would be applied to the retained catch plus the discard
losses from directed and non-directed fisheries.
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Table 2. Five-Tier System for setting overfishing limits (OFLs) and Acceptable Biological Catches (ABCs)
for crab stocks. The tiers are listed in descending order of information availability. Table 3
contains a guide for understanding the five-tier system.

Information Tier  Stock status level ForL ABC control rule
available
B, Busy, Fusy, and 1 B _ oy :
pdf of Fusy a. >1 F,p, = p, =arithmetic mean
sy of the pdf
s,
b. f<—<I1 Foo— msy ABC<(1-by) * OFL
sy oFL = My -
c B <B Directed fishery f =0
B,y Fort < Fumsy
B, Busy, Fusy 2 B
a. —>1 Fop =F,
Bmsy Y
Ph,
b. f<—<I1 Fo—F msy ABC<(1-by) * OFL
msy OFL = % msy -
c B <pB Directed fishery f =0
B,y Fort < Fumsy
B, Fas%', Bssw’ 3 B
a. >1 For = Fiso, *
By ’
B B,
b. < <1 . e ABCs(1-by) * OFL
B, For =F 35% Bosw (-5
-
c B < ,B Directed fishery f =0
B, Forr < Fusy
B 4 B
BM, B, gyumo a B >1 Fop, =7vM
msy?"
B B ~a
b. f< = <1 P /Bmsym ABCs(1-by) * OFL
msy?" OFL — }/
l-a
c B <p Directed fishery F = 0
- For < Fusy'
Stocks with no 5 OFL = average catch from a

reliable estimates
of biomass or M.

time period to be

determined, unless the
SSC recommends an
alternative value based

on the best available
scientific information.

ABC=0.90 * OFL

*35% is the default value unless the SSC recommends a different value based on the best available scientific information.
1 An ForL < Fumsy will be determined in the development of the rebuilding plan for an overfished stock.
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Table 3. A guide for understanding the five-tier system.

e Fopr — the instantaneous fishing mortality (F) from the directed fishery that is used in

the calculation of the overfishing limit (OFL). Forw is determined as a function of:
0 Fumsy — the instantaneous F that will produce MSY at the MSY-producing
biomass
= A proxy of Fmsy may be used; e.g., Fx, the instantaneous F that results
in x% of the equilibrium spawning per recruit relative to the unfished
value
0 B — a measure of the productive capacity of the stock, such as spawning
biomass or fertilized egg production.
= A proxy of B may be used; e.g., mature male biomass
0 Bwmsy — the value of B at the MSY-producing level
= A proxy of Busy may be used; e.g., mature male biomass at the MSY-
producing level
O P — a parameter with restriction that 0 <f§ < 1.
O o — a parameter with restriction that 0 < o < 3.

L] The maximum value of FOFL is FMsy. FOFL = FMSY when B > BMsy.

o Forr decreases linearly from Fusy to Fvsy (B-a)/(1-a)) as B decreases from Busy to
B-Bumsy

e  When B < B-Bumsy, F = 0 for the directed fishery and Forr < Fumsy for the non-directed
fisheries, which will be determined in the development of the rebuilding plan.

e  The parameter, B, determines the threshold level of B at or below which directed fishing
is prohibited.

e The parameter, o, determines the value of Forp when B decreases to B-Bumsy and the rate
at which For. decreases with decreasing values of B when -Bumsy < B < Busy.

0 Larger values of a result in a smaller value of For. when B decreases to -Bumsy.
0 Larger values of a result in Forr decreasing at a higher rate with decreasing
values of B when :Bumsy < B < Bumsy.

e The parameter, by, is the value for the annual buffer calculated from a P* of 0.49 and a
probability distribution for the OFL that accounts for scientific uncertainty in the estimate
of OFL and provides the maximum permissible ABC.

e P*is the probability that the estimate of ABC, which is calculated from the estimate of
OFL, exceeds the “true” OFL (noted as OFL’) (P(ABC>OFL").

Crab Plan Team Recommendations

Table 3 lists the team’s recommendations for 2019/2020 on Tier assignments, model parameterizations,
time periods for reference biomass estimation or appropriate catch averages, OFLs and ABCs. The team
recommends four stocks be placed in Tier 3 (EBS snow crab, Bristol Bay red king crab, EBS Tanner crab
and Aleutian Island golden king crab), four stocks in Tier 4 (St. Matthew blue king crab, Pribilof Islands
blue king crab, Pribilof Islands red king crab, and Norton Sound red king crab) and two stocks in Tier 5
(Pribilof Islands golden king crab, and Western Aleutian Islands red king crab). Stock status in relation to
status determination criteria are evaluated in this report (Table 4). Status of stocks in relation to status
determination criteria for stocks in Tiers 3 and 4 are shown in Figure 2. Table 5 lists those stocks for
which the team recommends an ABC less than the maximum permissible ABC for 2019/20. Aleutian
Islands golden king crab, EBS snow crab, and Pribilof Island red king crab are estimated to be above Busy
for 2019/20 while EBS Tanner crab, Bristol Bay red king crab, and Norton Sound red king crab are
estimated below Bysy. Saint Matthew blue king crab was declared to be overfished in October 2018.
Pribilof Islands blue king crab stock remains overfished and is estimated to be well below its MSST.

10
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The CPT has general recommendations for all assessments and specific comments related to individual
assessments. All recommendations are for consideration for the next scheduled assessment. The general
comments are listed below while the comments related to individual assessments are contained within the
summary of CPT deliberations and recommendations contained in the stock specific summary section.
Additional details regarding recommendations are contained in the Crab Plan Team Report (September
2019 CPT Report).

General Recommendations for all Assessments

The CPT recommends that all assessment authors document assumptions and simulate data under
those assumptions to test the ability of the model to estimate key parameters in an unbiased manner.
These simulations would be used to demonstrate precision and bias in estimated model parameters.

The CPT recommends that weighting factors be expressed as sigmas or CVs or effective sample
sizes. The team requests all authors to follow the Guidelines for SAFE preparation and to follow the
Terms of Reference as listed therein as applicable by individual assessment for both content and
diagnostics.

Authors should focus on displaying information on revised models as compared to last year’s model
rather than focusing on aspects of the assessment that have not changed from the previous year.

The current approach for fitting length-composition data accounts for sampling error but ignores the
fact that selectivity among size classes is not constant within years; a small change in the selectivity
on small animals could lead to a very large change in the catch of such animals. Authors are
encouraged to develop approaches for accounting for this source of process error. This issue is
generic to assessments of crab and groundfish stocks.

Authors are reminded that assessments should include the time series of stock estimates at the time of
survey for at least the author's recommended model in that year.

Consider stepwise changes to data as individual model runs instead of changing multiple parameters
at once so that changes in model performance may be attributed to specific data

By convention the CPT used the following conversions to include tables in both pounds (Ib) and metric
tons (t) in the status summary sections:

million Ib to 1000 t [/2.204624]
1000 t to million Ib [/0.453592]

11
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Stock Status Summaries

1 Eastern Bering Sea Snow crab

Fishery information relative to OFL setting

Total catch mortality in 2019/20 was 20,800 t (with discard mortality rates applied), while the retained
catch in the directed fishery was 15,400 t. Because the total catch mortality for this stock was below the
2019/20 OFL of 54,900 t, overfishing did not occur. Snow crab bycatch occurs in the directed fishery
and to a lesser extent in the groundfish trawl fisheries. Estimates of trawl bycatch in recent years are less
than 1% of the total snow crab catch.

Data and assessment methodology

The stock assessment is based on a size- and sex-structured model in which crabs are categorized into
immature or mature, and account is taken of a terminal molt. The model is fitted to biomass and size
frequency data from the NMFS trawl survey, total catch data from the directed fishery, bycatch data from
the trawl fishery, size frequency data for male retained catch in the directed fishery, and male and female
bycatch in the directed and trawl fisheries. The model is also fitted to biomass estimates and size
frequency data from the 2009 and 2010 BSFRF surveys. Updated data in the 2020 assessment include
retained and total catch and length frequencies from the 2019/20 directed fishery, and discard catch and
length frequencies from the 2019/20 groundfish fisheries. There were no new survey data because there
was no 2020 NMFS trawl survey.

The 2019 and earlier assessments were based on a bespoke model coded in ADMB. The assessment
author provided the CPT and SSC with a preliminary version of a model implemented using GMACS in
May 2020, and the CPT endorsed its use for the 2020 assessment. The assessment author developed
GMACS further after the May 2020 CPT meeting to enable reference points to be calculated.

The assessment author examined four model scenarios for this assessment. Scenario 19.1 was the final
model from 2019 with updated bycatch data, Scenario 20.1 was the same as Scenario 19.1 except that the
2019/20 directed fishery and groundfish data were included, Scenario 20.2 was the same as Scenario 20.1
but implemented in GMACS; and Scenario 20.3 was the same as Scenario 20.1, but with extra weight
placed on the BSFRF data to force the estimated catchability coefficient to equal the catchability implied
by the BSFSF data. The assessment author preferred Scenario 20.2 because it fit the data better than the
2019 model for most data sources, including the survey estimates of male biomass. In addition to fitting
the data better, the GMACS model also led to more realistic estimates of fishing mortality during the
1980s and early 1990s, more realistic estimates of growth for females and estimates of immature M that
are higher than mature M. The assessment author preferred Scenario 20.2 to model 20.3 because Scenario
20.2 led to more realistic estimates of biomass and fishing mortality.

The CPT recommends the author’s preferred model scenario, 20.2, to determine stock status and set the
OFL and ABC for 2020/21 because of the improved fits to the data, and the more realistic estimates of

growth, natural mortality and fishing mortality. The CPT recommends that GMACS be used to conduct
the 2021 assessment, and form the basis for additional model development work.

Stock biomass and recruitment trends

Observed mature male biomass in the NMFS EBS bottom trawl survey, based on applying a maturity
ogive, decreased from a peak of 167,100 t in 2011 to 97,500 t in 2013, increased to 163,500 t in 2014, fell
to 63,200 t in 2016, then increased once again to 84,000 t in 2017, 198,400 t in 2018, and 169,100 t in
2019. Observed survey mature female biomass rose quickly from a low of 52,200 t in 2009 to 175,800 t
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in 2011, its highest value since 1991, decreased steadily to 55,400 t in 2016, then increased to 106,800 t
in 2017 and to a peak of 165,900t in 2018. Observed survey mature female biomass decreased in 2019 to
110,400 t.

The model estimates for mature male biomass-at-mating (MMB) declined from a 10-year high of 209,600
t in 2009/10 to a low in 2015/16 of 66,900 t. MMB increased in subsequent years and was estimated to be
560,200 t in 2020/21. Model-estimated mature female biomass-at-mating (MFB) began to decline
somewhat later, from a peak in 2011/12 (546,700 t) to a low in 2016/17 (201,200 t), followed by
increases to 432,900 t in 2019/20. MFB declined to 352,800t in 2020/21.

Estimated recruitment to the population has been episodic, with peaks in recruitment generally preceding
peaks in mature biomass by a few years. The most recent peaks were in 2008/09 (1,370,000 crab),
preceding peaks in MMB and MFB in 2009/08 and 2011/12, respectively, and in 2015/16 (15,720,000
crab), preceding the increases in MMB and MFB that began in 2015/16. The estimate of 2015/16
recruitment is substantially higher in this year’s assessment than the 2019 assessment.

Tier determination/Plan Team discussion and resulting OFL/ABC determination Status and
catch specifications

The CPT recommends that the EBS snow crab is a Tier 3 stock so the OFL will be determined by the Forr
control rule using Fsse, as the proxy for Fusy. The proxy for Busy (Bss#) is the mature male biomass at
mating (113.7 kt) based on average recruitment over 1982 to 2018. Consequently, the minimum stock
size threshold (MSST) is 56.8 kt. Projected MMB for 2020/21 (276.7kt) is above the MSST, so the stock
is not overfished. The CPT recommends that the ABC be less than maximum permissible ABC. The
buffer between the ABC and OFL was 20% for 2017, 2018 and 2019 assessments, reflecting uncertainty
about model misspecification (growth) and parameter confounding, the ongoing evidence for
retrospective patterns, and the uncertainty surrounding rates of natural mortality. There is less concern
about growth in the 2020 assessment, but the CPT was concerned about the reasons for the substantial
increase in 2015/16 recruitment, which may be a consequence of GMACS imposing only weak penalties
on the recruitment deviations. Thus ignoring the effect of the lack of a 2020 survey, the CPT recommends
a buffer of 25% based only on uncertainties related to the model fit.

The 2020 NMFS bottom trawl surveys were cancelled due to concerns related to the COVID-
19pandemic, and this stock assessment is missing survey data for the terminal year. The 2020 assessment
of EBS snow crab is the most sensitive of the 2020 model-based assessments to the lack of terminal year
survey data, with a median relative over-estimate of the OFL of close to 25%. The CPT therefore
recommends an additional 25% buffer resulting in a total buffer of 50% between the OFL and ABC for
the 2020/21 fishing year.
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Status and catch specifications (1000 t) for snow crab. Shaded values are new estimates or
projections based on the current assessment. Other table entries are based on historical assessments
and are not updated except for total and retained catch.

Biomass Retained Total
Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 75.8 96.1 9.7 9.7 11.0 23.7 21.3
2017/18 71.4 99.6 8.6 8.6 10.5 28.4 22.7
2018/19 63.0 123.1 12.5 12.5 15.4 29.7 23.8
2019/20 56.8 167.3 15.4 15.4 20.8 54.9 43.9
2020/21 276.7 184.9 92.5

Status and catch specifications (million Ib) for snow crab. Shaded values are new estimates or
projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 167.1 211.9 21.4 214 243 523 47.0
2017/18 157.4 219.6 19.0 19.0 23.2 62.6 50.0
2018/19 138.9 2714 27.6 27.6 34.0 65.5 525
2019/20 125.2 368.8 34.0 34.0 45.9 121.0 96.8
2020/21 610.0 407.6 203.8
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2 Bristol Bay Red King Crab

Fishery information relative to OFL setting

The commercial harvest of Bristol Bay red king crab (BBRKC) dates to the 1930s. The fishery was
initially prosecuted mostly by foreign fleets but shifted to a largely domestic fishery in the early 1970s.
Retained catch peaked in 1980 at 58.9 kt but harvests dropped sharply in the early 1980s, and population
abundance has remained at relatively low levels over the last two decades compared to those seen in the
1970s. The fishery is managed for a total allowable catch (TAC) coupled with restrictions for sex (males
only), a minimum size for legal retention (6.5-in carapace width; 135-mm carapace length is used a proxy
for 6.5-in carapace width in the assessment), and season (no fishing during mating/molting periods). In
addition to the retained catch that occurs during the commercial fishery, which is limited by the TAC,
there is also retained catch that occurs in the ADF&G cost-recovery fishery.

The current SOA harvest strategy allows a maximum harvest rate of 15% of mature-sized (=120 mm CL)
males, but also incorporates a maximum harvest rate of 50% of legal males and thresholds of 8.4 million
mature-sized (=90 mm CL) females and 6.6 kt of effective spawning biomass (ESB) to prosecute a
fishery. Annual non-retained catch of female and sublegal male RKC during the fishery has averaged less
than 8.6 kt since data collection began in 1990. Total catch (retained and bycatch mortality) increased
from 7.6 kt in 2004/05 to 10.6 kt in 2007/08 but has decreased since then; retained catch in 2019/20 was
1.78 kt and total catch mortality was 2.22 kt.

Data and assessment methodology

The stock assessment is based on a sex- and size-structured population dynamics model incorporating
data from the NMFS eastern Bering Sea trawl survey, the Bering Sea Fisheries Research Foundation
(BSFRF) trawl survey, landings of commercial catch, at-sea observer sampling, and dockside retained
catch sampling. In the model recommended by the CPT, annual stock abundance was estimated for male
and female crabs > 65-mm CL from 1975 to July 1, 2020 and mature male (males >120 mm CL) biomass
was projected to 15 February 2021. 2019/20 fishery data on retained catch in the directed fishery were
obtained from ADF&G fish tickets and reports (retained catch numbers, retained catch weight, and pot
lifts by statistical area and landing date), on bycatch in the red king crab and Tanner crab fisheries from
the ADF&G observer database, and on bycatch in the groundfish trawl fisheries from the NMFS
groundfish observer database. The 2020 NMFS EBS shelf bottom trawl survey was cancelled due to
safety concerns associated with the COVID-19 pandemic; consequently, the model was fit using 1975-
2019 NMFS trawl survey dataset, which included sex-specific area-swept estimates of abundance,
biomass, and size composition.

Three principal model scenarios were evaluated using GMACS for the 2020 assessment. Model 19.0a was
identical to the 2019 assessment model (19.0), except that an error specifying the reference period for the
mean sex ratio required to calculate Bssy, was corrected. Scenario 19.3 was the same as 19.0a except for
the way natural mortality (M) was treated: a constant M estimated for males during 1980-1984, M fixed
to 0.18yr™! for males during other years, and an estimated constant multiplier applied to male M to obtain
female M. Finally, scenario 19.3b was the same as model 19.3 except that the CV of the prior for trawl
survey catchability was doubled to reduce its effect . Because estimates for the terminal year recruitment
in all of these models were extremely uncertain due to the absence of data from the cancelled 2020 NMFS
EBS bottom trawl survey, two scenarios otherwise identical to 19.0a and 19.3 (19.0b and 19.3a,
respectively) were defined such that recruitment in the terminal year was fixed to the mean recruitment
during the previous seven years (thus reducing the uncertainty in the estimate of terminal year
recruitment). This allowed multi-year projections with reasonable values for future recruitment to be run
for scenarios 19.0a and 19.3 (projections were not run for 19.3b).
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As expected, results (other than projections) for scenarios 19.0a and 19.0b were nearly identical, as were
those from scenarios 19.3 and 19.3a. Also as expected, scenario 19.3b estimated an unreasonably high
catchability for the trawl survey (>1.0), resulting in overall lower biomass estimates. Biomass estimates
from 19.0a were greater for recent years, compared with those from 19.3 and 19.3b. The differences were
largely explained by differences in estimated natural mortality rates between the 19.0 and 19.3 scenarios.
All models fit the fishery catch and bycatch biomass data extremely well. Model scenario 19.3 fit the data
somewhat better than 19.0a with one fewer parameter and was the CPT’s preliminary choice for the
recommended model scenario during its May 2020 meeting. Scenario 19.3b was primarily a sensitivity
run, while the CPT found the 7-year averaging period for the estimate of terminal recruitment in scenarios
19.0b and 19.3a rather arbitrary. Thus, the CPT selected the author’s preferred model scenario, 19.3, as its
recommended model for status determination and OFL setting.

Stock biomass and recruitment trends

Based on the CPT-recommended scenario, 19.3, the MMB at the time of mating is estimated to have been
highest early in the late 1970s (approximately 120 kt), with secondary peaks in 1989 (27 kt) and 2002/03
(~33 kt), followed by a gradual decline. The estimated MMB at time of mating in 2019/20 was 14.24 kt.
The projection for the 2020/21 time of mating, which assumes the fishing mortality in 2020/21 matches
that corresponding to the OFL, is 14.93 kt. Estimates of recruitment since 1985 have been generally low
relative to those estimated for the period prior to 1985 and intermittent peaks in 1995, 2002, and 2005
(61, 52, and 42 million crab, respectively). The relatively low estimate of recruitment for 2019 (3.8
million crab) was the second lowest since 1994. The estimate for 2020, 18.9 million, was the largest since
2010 but was highly uncertain due to the lack of 2020 survey data to inform the model.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

Bristol Bay red king crab is in Tier 3. Based on previous discussion at the January and May 2018 CPT
meetings regarding an apparent reduction in stock productivity associated with the 1976/77 climate
regime shift in the EBS, the CPT concurred with the author’s recommendation to drop the terminal year
recruitment from the time period for average recruitment when calculating Bssy, because it is highly
uncertain. The CPT recommends computing average recruitment as has been done in recent assessments
(i.e., based on model recruitment using the time period 1984 and corresponding to fertilization in 1977) to
the penultimate year of the assessment. Based on scenario 19.3, the estimated Bsse; is 25.4 kt. MMB
projected for 2020/21 is 14.93 kt, 59% of B3s+;. Consequently, the BBRKC stock is in Tier 3b for
2020/21. The corresponding OFL is 2.14 kt.

Last year, the CPT recommended setting the ABC below the maximum permissible, using a 20% buffer
on the OFL to account for additional uncertainty in the assessment associated with the model’s lack of fit
to the 2018 and 2019 NMFS EBS bottom trawl survey data and recent environmental conditions (e.g.,
elevated bottom temperatures, lack of a cold pool). This year, the CPT considers the absence of the 2020
NMEFS EBS bottom trawl survey from the data used to fit the model to be a potentially substantial
additional source of uncertainty to be considered when determining the ABC. The CPT adopted a two-
stage approach to characterizing additional uncertainty in the context of determining the ABC. The first
stage was to discuss whether or not, ignoring the issue of the cancelled 2020 NMFS bottom trawl survey,
the level of uncertainty associated with the assessment differed substantially (either better or worse) from
last year’s model and thus warranted changing the buffer used last year. The second stage would consider
whether the canceled survey introduced enough additional uncertainty to warrant expanding the buffer.

After substantial discussion, the CPT concluded that the level of uncertainty associated with the
assessment, ignoring the issue of the cancelled 2020 NMFS survey, had not changed substantially from
last year. Although scenario 19.3 fit female survey biomass in 2018 and 2019 much better than 19.0a did,
it still overpredicted male survey biomass in these years. In addition, continued concern over poor
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environmental conditions (as reflected in the BBRKC ESP) and lack of recent recruitment was expressed
by several CPT members. However, members agreed that the uncertainty associated with these issues was
already included in the 20% buffer previously adopted and did not warrant further increase.

The additional uncertainty associated with the cancelled 2020 NMFS survey was addressed by the
assessment author using: 1) results from a pair of retrospective analyses in which the terminal year survey
was either included or excluded from the model fits, 2) comparison of CV’s for management-related
quantities from the 2019 assessment run with and without the 2019 NMFS survey included in the model
fit, and 3) comparison of management-related quantities from scenarios (19.31 and 19.3h) using simulated
2020 survey biomass data based on the predicted 2020 survey biomass from scenario 19.3 and the 25"
and 75" quantiles for relative errors in the fits to the survey biomass time series. For 1), management-
related quantities (e.g., Bmsy, OFL) from the survey-included/excluded model runs were compared for
each retrospective peel. Results from these comparisons indicate the likely additional uncertainty
introduced by the cancelled survey is approximately 5%. The CPT was concerned that the stock in 2021
was estimated to be at 59% of Bmsy, which is close to the overfished threshold. The CPT concluded that
the cancelled survey in 2020 reduced the ability to reliably determine stock status, which warrants the
additional buffer. The CPT recommends an additional buffer of 5% based on the retrospective analysis
that indicated the OFL tended to be over-estimated by about 5% when there was no survey in the terminal
year. This recommendation would result in a total buffer of 25%.

MMB for 2019/20 was estimated to be 14.24 kt and above MSST (10.62 kt); hence the stock was not
overfished in 2019/20. The total catch mortality in 2019/20 (2.22 kt) was less than the 2019/20 OFL (3.40
kt); hence overfishing did not occur in 2019/20. However, several CPT members expressed concern that
the stock will be overfished in a few years and that king crab stocks do not seem to rebuild easily, once an
overfished condition is reached. It was suggested that it may be time to review the use of Fse, as a proxy
for Fumsy for this and other Alaskan crab stocks.
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Status and catch specifications (1000 t) for Bristol Bay red king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Biomass Retained Total
Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 12.53 25.81 3.84 3.92 4.28 6.64 5.97
2017/18 12.74 24.86 2.99 3.09 3.48 5.60 5.04
2018/19 10.62 16.92 1.95 2.03 2.65 5.34 4.27
2019/20 12.72 14.24 1.72 1.78 2.22 3.40 2.72
2020/21 14.93 2.14 1.61

Status and catch specifications (million Ib) for Bristol Bay red king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on
historical assessments and are not updated except for total and retained catch.

Biomass

Retained

Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 27.6 56.9 8.47 8.65 9.63 14.63 13.17
2017/18 28.1 54.8 6.60 6.82 7.93 12.35 11.11
2018/19 23.4 37.3 431 4.31 5.85 11.76 9.41
2019/20 28.0 31.4 3.80 3.91 4.89 7.50 6.00
2020/21 32.9 4.72 3.54

Note: The relatively low MSST in 2018/19 (and Bumsy in 2019/20) in the tables above was the result of a

problem in the previous GMACS application, which used the sex ratio of recruitment in the terminal year to

calculate Bssy. A low estimate for the male recruitment ratio in the terminal year in the 2019 assessment
resulted in a lower mean male recruitment for Bise, in 2019/20. The current version of GMACS uses the
average sex ratio at recruitment during the reference period to estimate Bssy, which results in a much more

stable sex ratio (about 50%) for the reference point calculation.
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3 Eastern Bering Sea Tanner crab

Fishery information relative to OFL setting

Eastern Bering Sea (EBS) Tanner crab are caught in directed Tanner crab fisheries, as bycatch in the
groundfish and scallop fisheries, as bycatch in the directed Tanner crab fishery (mainly as non-retained
females and sublegal males), and other crab fisheries (notably, eastern Bering Sea snow crab and, to a
lesser extent, Bristol Bay red king crab). A single OFL is set for Tanner crab in the EBS. Under the Crab
Rationalization Program, ADF&G sets separate TACs for directed fisheries east and west of 166° W
longitude. The mature male biomass was estimated to be below the Minimum Stock Size Threshold
(0.5Bwmsy) in February 2010 (the assumed time of mating) based on trends in mature male biomass from
the survey, and NMFS declared the stock overfished in September 2010. The directed fishery was closed
from 2010/11 through 2012/13 crab fishery years.

NMEFS determined the stock was rebuilt in 2012 based on a new assessment model with a revised estimate
of Bwmsy. The directed fishery was open for the 2013/14 to 2015/16 seasons with a total allowable catch
(TAC) of 1,410 t in 2013/14, 6,850 t in 2014/15, and 8,920 t in 2015/16. The total retained catch in
2015/16 (8,910 t) was the largest taken in the fishery since 1992/93. In 2016/17, ADF&G determined that
mature female biomass did not meet the criteria for opening a fishery according to the regulatory harvest
strategy, and the TAC was set at zero. Consequently, there was no directed harvest in 2016/17. In
2017/18, ADF&G determined that a directed fishery could occur in the area west of 166°W longitude.
The TAC was set at 1,110 t for 2018/19, of which 100% was taken. In 2019/20, mature female biomass
again did not meet ADF&G criteria for opening a fishery, and there was no directed harvest.

In March 2020, the harvest control rule for Tanner crab was changed by the Alaska Board of Fisheries
based on results from an extensive management strategy evaluation (MSE) conducted with input from
industry stakeholders, NMFS and academic scientists, and ADF&G managers. The current HCR defines
the period for calculating average mature biomass as 1982-2018, and determines exploitation rates on
mature males using sliding scale functions of the ratios of MMB and mature female biomass to their long-
term averages.

Data and assessment methodology

The SSC accepted a size-structured assessment model for use in harvest specifications in 2012 and
classified the EBS Tanner stock as a Tier 3 stock. This year’s assessment used the modeling framework,
TCSAMO2, which was endorsed by the SSC in June 2017. The model is structured by crab size, sex, shell
condition, and maturity. The model uses available data on quantity and size-composition from: the NMFS
trawl survey; landings and discards by the directed fishery; and bycatch in the Bristol Bay red king crab,
EBS snow crab, and groundfish fisheries. The model includes prior distributions on parameters related to
natural mortality and catchability, and penalties on changes in recruitment and in the proportion maturing.
There was limited new information for Tanner crab this year due to a closed directed fishery and a
cancelation of 2020 NMFS EBS trawl survey. Input data sets were updated with the most recent
information on bycatch and size composition data from other 2019/20 crab fisheries, as well as data on
Tanner crab bycatch in the groundfish fisheries in 2019/20.

The model recommended by the CPT to set the OFL and the ABC is a revised model (Model 20.07) that
incorporates the BSFRF trawl survey data from its cooperative “side-by-side” (SBS) catch comparison
studies with the NMFS EBS shelf bottom trawl survey to better fix the scale of the NMFS survey data.
Empirical availability curves for the BSFRF were estimated outside the assessment model using a
generalized additive model with cubic splines. These were used in the model to relate the BSFRF
estimates of absolute abundance (at spatial scales smaller than the stock distribution) and the stock
abundance estimated by the assessment model. The CPT regarded this model as an improvement over last
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year’s model because it made robust use of data from BSFRF catch comparison studies, which had not
been used previously for Tanner crab.

Stock biomass and recruitment trends

The MMB at the time of mating is estimated to have been highest in the early 1970s (approximately 400
kt), with secondary peaks in 1991 (99 kt), 2008 (108 kt), and in 2014 (111 kt). The estimated MMB at
time of mating in 2019/20 was 56.15 kt and the projection for 2020/21 is 35.33 kt. Estimates of
recruitment since 1999 have been generally low relative to the peaks estimated for the period prior to
1990. There was a relatively strong recruitment estimated for 2016, 2017, and 2018, but these estimates
remain uncertain and will need to be confirmed by subsequent assessments.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommends the OFL for this stock be based on the Tier 3 control rule. Application of the Tier 3
control rule requires a set of years for defining average recruitment corresponding to Basy under
prevailing environmental conditions. This recommended time period is 1982 —2019. The 1982-and-
onwards time period had been used in previous OFL determinations, but this year a decision was made to
exclude the recruitment estimate for the terminal year in this calculation. This estimate is extremely
uncertain this year due to the lack of survey information.

Based on the estimated biomass at 15 February 2020, the stock is at 96% of Busy, and therefore is in Tier
3b. The Fusyproxy (F3s5%) is 0.98 yr1, and the 2020/21 Forr is 0.94 yriunder the Tier 3b OFL Control
Rule, which results in a total OFL of 21.13 kt. The CPT recommends a 20% buffer to account for model
uncertainty and stock productivity uncertainty be applied to the OFL to set ABC = 16.90 kt. The 20%
buffer is the same that the SSC recommended for determination of the 2019/20 ABC. The CPT concluded
that no additional buffer was needed to account for the cancelled NMFS EBS bottom trawl survey in
2020.

Status and catch specifications (1000 t) for Tanner crab. Shaded values are new estimates or projections
based on the current assessment. Other table entries are based on historical assessments and are not
updated except for total and retained catch.

Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 14.58 77.96 0.00 0.00 1.14 25.61 20.49
2017/18 15.15 64.09 1.13 1.13 2.37 25.42 20.33
2018/19 20.54 82.61 1.11 1.11 1.90 20.87 16.70
2019/20 18.31 56.15 0.00 0.00 0.54 28.86 23.09
2020/21 35.31 21.13 16.90

Status and catch specifications (million Ib) for Tanner crab. Shaded values are new estimates or
projections based on the current assessment. Other table entries are based on historical assessments
and are not updated except for total and retained catch.

Biomass Retained Total
Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 32.15 171.87 0.00 0.00 2.52 56.46 45.17
2017/18 33.40 95.49 2.50 2.50 5.22 56.03 4483
2018/19 45.27 182.09 2.44 2.44 4.18 46.01 36.82
2019/20 40.36 123.77 0.00 0.00 1.20 63.62 50.89
2020/21 77.84 46.58 37.26
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4 Pribilof Islands red king crab

The Pribilof Islands red king crab (PIRKC) assessment is on a biennial cycle. This year (2020) is an ‘off’
year in the cycle, so an update to determine whether or not overfishing occurred in 2019/20 is presented
here. The next full assessment will occur in 2021.

Fishery information relative to OFL setting

The Pribilof Islands red king crab fishery began in 1973 as bycatch during the blue king crab fishery. In
1993 and 1994 the red king crab fishery was open to directed fishing, and blue king crab was closed.
From 1995 through 1998, combined Pribilof Islands red and blue king crab GHLs were used. Declines in
crab abundance of both red and blue king crab stocks from 1996 to 1998 resulted in poor fishery
performance with annual harvests below the GHLs. The Pribilof red king crab fishery has been closed
since 1999 due to uncertainty in estimated red king crab abundance and concerns for bycatch mortality of
blue king crab, which is overfished and severely depressed. Fishery closures near the Pribilof Islands have
resulted in low bycatch, recent bycatch has been well below the OFL, ranging from 1.0 to 17.0t in
2012/13-2018/19.

Data and assessment methodology

The 2019 assessment is based on trends in male mature biomass (MMB) from NMFS bottom trawl survey
and commercial catch and trawl bycatch data through 2018/19. Three assessment methods using a Tier 4
harvest control rule were presented for evaluation: one calculated an annual index of MMB derived as the
3-yr running average using inverse variance weighting, the second was a random effects model, and the
third was a GMACS integrated method. The GMACS integrated model was presented with five
variations: 1) model 19.1: M from BBRKC, 2) model 19.2: 19.1+ more of the population selected in the
trawl bycatch, 3) model 19.3: 19.1+ molting probability shifted to the left, 4) model 19.4: 19.1+ increased
M (by Hamel method), and 5) model 19.5: 19.1+ increased M (by the Then and Hoenig method).

Stock biomass and recruitment trends

GMACS model fit to mature male biomass identified two peaks of biomasses. In recent years, observed
mature male biomass (>120 mm CL) peaked in 2015 and has steadily declined since then. The mature
male biomass varied widely over the history of the survey time series and uncertainty around area-swept
estimates of biomass were largely due to relatively low sample sizes. Recruitment estimated by the
GMACS integrated model appeared to be episodic. Survey length composition data suggest a new year-
class has been established recently, but its size is unclear. Numbers at length vary dramatically from year
to year; however, two cohorts can be seen moving through the length frequencies over time. GMACS
model estimated MMB peaked during 1999 to 2003 and systematically declined since then. However, the
2019 MMB (4,024 t) increased over that in 2018 (2,293 t).

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommended the Tier 4 stock status determination and selected the GMACS model 19.4. This
model was selected because it incorporates all available information for the stock and uses a more
defensible prior for M. The CPT also recommended use of a modified method of Bumsy estimation, which
is equal to 0.35*average MMB for 2000 to present, during which no directed fishery occurred. For
2019/20 the Bmsy = 1,733 t derived as the 0.35*mean MMB from 2000/01 to 2018/19 from the GMACS
model 19.4. Male mature biomass at the time of mating for 2018/19 was estimated at 5,368 t. The B/ Busy
=3.1 and Fori=0.21. B/ Bumsy proxy 1S > 1, therefore the stock status level is Tier 4a. For the 2019/20
fishery, the OFL is 864 t. The CPT recommended a 25% buffer for an ABC from the OFL as in previous
years.
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Status and catch specifications (1000 t) for Pribilof Islands red king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2015/16 2,756 9,062 0 0 4.32 2,119 1,467
2016/17 2,751 4,788 0 0 0.94 1,492 1,096
2017/18 2,751 3,439 0 0 1.41 404 303
2018/19 866 5,368 0 0 7.22 404 303
2019/20 866 6,431 0 0 3.84 864 648
2020/21 6,431 864 648

Status and catch specifications (million Ib) for Pribilof Islands red king crab. Shaded values are
new estimates or projections based on the current assessment. Other table entries are based on
historical assessments and are not updated except for total and retained catch.

Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2015/16 6.08 19.98 0 0 0.01 4.67 3.23
2016/17 6.06 10.56 0 0 0 3.29 2.42
2017/18 6.06 7.58 0 0 0 0.89 0.67
2018/19 1.91 11.83 0 0 0.02 0.89 0.67
2019/20 1.91 14.18 0 0 0.01 1.9 1.43
2020/21 14.18 1.9 1.43

The most recent full assessment was conducted in September 2019 and the stock was above MSST in
2018/19 and was not overfished. Overfishing did not occur for PIRKC during 2019/20 because the total

catch mortality did not exceed the OFL.
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5 Pribilof Islands blue king crab

The Pribilof Islands blue king crab assessment is biennial with the last assessment conducted in 2017.
Information listed below summarizes the 2019 assessment.

Fishery information relative to OFL setting.

The Pribilof Islands blue king crab fishery began in 1973, with peak landings of 11.0 million Ib during the
1980/81 season. A steep decline in landings occurred after the 1980/81 season. Directed fishery harvest
from 1984/85 until 1987/88 was annually less than 1.0 million 1b with low CPUE. The fishery was closed
from 1988/89 through 1994/95 fishing seasons. The fishery reopened for the 1995/96 to 1998/99 seasons.
Fishery harvests during this period ranged from 1.3 to 2.5 million Ib. The fishery closed again for the
1999/00 season due to declining stock abundance and has remained closed to the present.

The stock was declared overfished in 2002 and a rebuilding plan implemented in 2004. The rebuilding
plan closed directed fishing for Pribilof blue king crab until the stock is rebuilt. In 2009, NMFS
determined the stock would not meet its 10-year rebuilding horizon. Subsequently, Amendment 43 to the
King and Tanner Crab FMP and Amendment 103 to the BSAI Groundfish FMP were approved by the
Secretary of Commerce in 2014. This action, a revised rebuilding plan, closed the Pribilof Island Habitat
Conservation Zone to Pacific cod pot fishing, which accounts for the highest recent rates of bycatch of
this stock. This area was already closed to groundfish trawl fishing. To prevent overfishing, ADF&G also
implements closure areas for the commercial crab fisheries to reduce the blue king crab bycatch. NMFS
has implemented procedures to account for blue king crab bycatch in the groundfish fisheries and take
action to prevent overfishing.

Data and assessment methodology

The calculation of the 2018/19 survey biomass uses the stock area definition established in 2012/13 that
includes an additional 20 nm strip east of the Pribilof District. This assessment uses the 2016/17
methodology to project MMB and calculate Basy. Prior to 2016/17, MMB was estimated from the NMFS
EBS bottom trawl survey using a three-year running average weighted by the inverse of the variance of
the area-swept estimate. The current methodology to calculate MMB and Bwmsy uses a random effects
model to smooth the survey time series.

In 2017, the assessment was moved from September to May, which has required that several data inputs
to the model (assessment year MMB at the time of the survey and retained catch and bycatch values from
the crab fishery year prior to the assessment year) be estimated in some fashion. For the 2019 assessment,
MMB at the time of survey (July 2019) was estimated from the observed time series using the random
effects as a 1-step ahead prediction. The values of year-to-date bycatch in the crab and groundfish
fisheries on April 1, 2019 were taken as estimates of the 2018/19 year-end values for rebuilding status
determination. These values were updated in September 2019 to evaluate overfishing status, which did
not occur.

Stock biomass and recruitment trends

The 2019/20 MMB at mating is projected to be 175 t, which is approximately 4% of the proxy for Busy.
The Pribilof blue king crab stock biomass continues to be low with no indication of recruitment.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

This stock is recommended for placement into Tier 4. Busy was estimated using the time periods 1980/81
-1984/85 and 1990/91-1997/98. This range was chosen because it eliminates periods of extremely low
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abundance that may not be representative of the production potential of the stock. Busy is estimated at
4,106 t for 2019/20.

Because the projected 2019/20 estimate of MMB is less than 25% Busy, the stock is in stock status ¢ and
the directed fishery F is 0. However, an Fopr must be determined for the non-directed catch. For this
stock, the Forr is based on average groundfish bycatch between 1999/2000 and 2005/06, a time period
determined as part of the rebuilding plan. The recommended OFL for 2019/20 is 1.16 t.

The CPT continues to recommend setting the ABC less than the maximum permissible by employing a
25% buffer on the OFL. This recommendation was based upon continuing concerns with stock status and
consistency with relative buffer levels for other stocks for which the OFL is based upon average catch.

Historical status and catch specifications for Pribilof Islands blue king crab (t). Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Year MSST Biomass TAC Retained  Total OFL ABC
(MMB) Catch Catch

2015/16 2,058 361 Closed 0 1.18 1.16 0.87
2016/17 2,053 232 Closed 0 0.38 1.16 0.87
2017/18 2,053 230 Closed 0 0.33 1.16 0.87
2018/19 2,053 230 Closed 0 0.41 1.16 0.87
2019/20 2,053 175 Closed 0 0.42 1.16 0.87
2020/21 175 1.16 0.87

Historical status and catch specifications for Pribilof Islands blue king crab (million Ib). Shaded values
are new estimates or projections based on the current assessment. Other table entries are based on
historical assessments and are not updated except for total and retained catch.

Year MSST Biomass TAC Retained Total OFL ABC
(MMB) Catch Catch

2015/16 4.537 0.796 Closed 0 0.0026 0.0026 0.002
2016/17 4.526 0.511 Closed 0 0.0008 0.0026 0.002
2017/18 4.526 0.507 Closed 0 0.0007 0.0026 0.002
2018/19 4.526 0.507 Closed 0 0.0009 0.0026 0.002
2019/20 4.526 0.386 Closed 0 0.0009 0.0026 0.002
2020/21 0.386 0.0026 0.002

The most recent full assessment was conducted in May 2019 and the stock was above MSST in 2018/19
and was not overfished. Overfishing did not occur for PIBKC during 2019/20 because the total catch
mortality did not exceed the OFL.
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6 St. Matthew blue king crab

Fishery information relative to OFL setting

The fishery was prosecuted as a directed fishery from 1977 to 1998. Harvests peaked in 1983/84 when
4,288 t (9.453 million Ib) were landed by 164 vessels. Harvest was fairly stable from 1986/87 to 1990/91,
averaging 568 t (1.252 million 1b) annually. Harvest increased to a mean catch of 1,496 t (3.298 million
Ib) during the 1991/92 to 1998/99 seasons until the fishery was declared overfished and closed in 1999
when the stock size estimate was below the MSST. In November 2000, Amendment 15 to the FMP was
approved to implement a rebuilding plan for the St. Matthew Island blue king crab stock. The rebuilding
plan included a harvest strategy identified in regulation by the Alaska Board of Fisheries, an area closure
to control bycatch, and gear modifications. In 2008/09 and 2009/10, the MMB was estimated to be above
Busy for two years and the stock declared rebuilt in 2009.

The fishery re-opened in 2009/10, closed in 2013/14, opened from 2014/15 —2015/16, and has been
closed since 2016/17. Bycatch of non-retained blue king crab has occurred in the St. Matthew blue king
crab fishery, the eastern Bering Sea snow crab fishery, and trawl and fixed-gear groundfish fisheries. The
stock declined below the minimum stock size threshold in 2018 and was declared overfished. A
rebuilding plan is under development.

Data and assessment methodology

This assessment is conducted in GMACS, which was first accepted for use by the SSC in June 2016. This
assessment uses the same model configuration as last year. The model incorporates the following data: (1)
commercial catch data; (2) annual trawl survey data; (3) triennial pot survey data; (4) bycatch data in the
groundfish trawl and groundfish fixed-gear fisheries; and (5) ADF&G crab-observer composition data.

Stock biomass and recruitment trends

Following a period of low values after the stock was declared overfished in 1999, trawl-survey indices of
stock abundance and biomass generally increased to well above average during 2007-2012. In 2013
survey biomass declined (~40% of the mean value) but was followed by average biomass estimates in
2014 and 2015, but with survey CVs of 77% and 45%, respectively). The 2016 survey biomass fell to
3,485 t, followed by continued declines to the 2018 survey estimate of 1,731 t. The 2019 survey estimate
of 3,170 t represents an increase of 83% from 2018 but remains low in a historical context.

Because little information about the abundance of small crab is available for this stock, recruitment has
been assessed in terms of the number of male crab within the 90-104 mm CL size class in each year. The
2019 trawl-survey area-swept estimate of 0.403 million males in this size class is the twelfth lowest in the
42-year time series since 1978 and follows two of the lowest observed recruitments in 2017 and 2018.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The stock assessment examines four model configurations: (1) Model 16.0 - the 2019 recommended
model; (2) Model 16.0 — the base model, i.e., last year’s model updated with new data; (3) Model 16.0a,
which fixes the estimate of the terminal year of recruitment as the average of the past seven years; and (4)
Model 20.1, which excludes the ADF&G pot survey.

The CPT concurs with the author’s recommendation to use the base model 16.0 for the 2020/21 crab year.
This stock is in Tier 4. The CPT recommends that the full assessment period (1978/79-2019/20) be used
to define the proxy for Busy in terms of average estimated MMBaing. The projected MMB estimated for
2020/21 under the recommended model is 1,120 t and the Fysy proxy is the natural mortality rate (0.18"!
year) and Forr is 0.047, resulting in a mature male biomass OFL of 0.05 kt. The MMB/Bwsy ratio is 0.34.
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The author recommended and the CPT concurred with a 25% bufter on the OFL for the ABC which was a
return to the correct buffer from a mistakenly applied 20% last year. The ABC based on this buffer is 0.04

kt.

Status and catch specifications (1000 t) for St Matthew blue king crab. Shaded values are new estimates
or projections based on the current assessment. Other table entries are based on historical assessments

and are not updated except for total and retained catch.

Biomass Retained

Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 1.97 2.23 0.00 0.00 0.001 0.14 0.11
2017/18 1.85 2.05 0.00 0.00 0.003 0.12 0.10
2018/19 1.74 1.15 0.00 0.00 0.001 0.04 0.03
2019/20 1.67 1.06 0.00 0.00 0.001 0.04 0.03
2020/21 1.12 0.05 0.04

Status and catch specifications (million Ib) for Saint Matthew blue king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Biomass Retained Total
Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 4.30 491 0.00 0.000 0.002 0.31 0.25
2017/18 4.10 2.85 0.00 0.000 0.007 0.27 0.22
2018/19 3.84 2.54 0.00 0.000 0.002 0.08 0.07
2019/20 3.68 2.34 0.00 0.000 0.002 0.096 0.08
2020/21 2.48 0.112 0.08

The stock was found to be below MSST in 2017/18 and was declared overfished, and the Council’s
recommended rebuilding plan will be effective by October 22, 2020. Total catch was less than the OFL in

2019/20 and hence overfishing did not occur.
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7 Norton Sound red king crab

Fishery information relative to OFL setting

The Norton Sound red king crab (NSRKC) stock supports three fisheries: summer commercial, winter
commercial, and subsistence. The summer commercial fishery, which accounts for most of the catch,
reached a peak in the late 1970s at a little over 1.313 kt retained catch. Retained catches since 1982 have
been below 0.227 kt, averaging 0.136 kt., including several low years in the 1990s. As the crab population
rebounded, retained catches increased to 0.231 kt in 2016, but decreased 69% to 0.073 kt. in 2019.

Data and assessment methodology

Four types of surveys for NSRKC have occurred periodically during the last three decades: summer trawl,
summer pot, winter pot, and preseason summer pot. The assessment is based on a length-based model of
male crab abundance that combines multiple sources of data. A maximum likelihood approach was used
to estimate quantities relevant in management. The model has been updated to include the following data:
total catch, catch length composition, discard length composition data from the 2019 summer and winter
commercial fisheries (retained size composition data were not collected for the winter fishery due to low
harvest). The standardized commercial catch CPUE indices were updated based on data for 1977-2019
and 14 new tag recoveries were included in the assessment. The current model assumes a constant
M=0.18 yr-1 for all length classes except the >123mm CL length-class, which had an estimated value of
0.58 yr-1. Logistic functions are used to describe fishery and survey selectivities, except for a dome-
shaped function used for the winter pot fishery.

The assessment author presented six model alternatives, including a base model (model 19.0) that was
adopted in 2018 and several other models that examine the influence of tagging data on estimated molting
probability, the validity of assumptions about trawl survey q, and the assumptions of size-dependent
natural mortality.

The CPT recommended the base model 19.0.

Stock biomass and recruitment trends

Estimated mature male biomass was at an historic low in 1982 following a sharp decline from the peak
biomass in 1977. MMB increased from a low in 1997 to a peak in 2010, after which it fluctuated about the
Bumsy proxy. Estimated MMB is currently near the low in 1982. Estimated recruitment has generally been
variable and the most recent recruitment estimate is one of the largest since the late 1970s, but will not be
corroborated until it enters the fishery in several years.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The team continues to recommend Tier 4 for Norton Sound red king crab. The Bumsy proxy, calculated as
the average of mature male biomass on February 1 during 1980-2019 was 2.068 kt The estimated 2020
mature male biomass on February 1 using Model 19.0 is 1,660 t which is below the Bmsy proxy for this
stock, placing Norton Sound red king crab in status category 4b. The FMSY proxy is M =0.18 yr-1 and
the Forr=0.141yr-1, because the 2020 mature male biomass is less than Busy proxy using the default
gamma =1.0.

The CPT recommends model 19.0 to set the OFL for 2020, resulting in an OFL of 0.287 million Ib. (0.13
thousand t). The team recommends that the ABC for 2020 be set below the maximum permissible ABC.
The team recommends that the SSC-endorsed buffer of 20% from the OFL be increased to 25% given
very low fishery CPUE and unusually large numbers of old-shell males in the fishery. The resulting ABC
is 0.100 kt. The OFL is a retained catch OFL. The author calculated a total catch OFL as part of the
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assessment, but it is not used because no way to estimate discards from the fishery monitoring program
has been adopted.

Status and catch specifications (1000t). Shaded values are new estimates or projections based on the
current assessment. Other table entries are based on historical assessments and are not updated except
for total and retained catch.

Biomass Retaineq To'gal Retained Retained

Year MSST (MMB) GHL Commercial Retained Catch catch

Catch Catch OFL ABC
2016 1.03 2.66 0.24 0.23 0.24 0.32 0.26
2017 1.05 2.33 0.23 0.22 0.24 0.30 0.24
2018 1.09 1.85 0.13 0.14 0.15 0.20 0.16
2019 1.03 1.41 0.07 0.04 0.04 0.11 0.09
2020 1.04 1.66 0.13 0.10

Status and catch specifications (million Ib). Shaded values are new estimates or projections based on the
current assessment. Other table entries are based on historical assessments and are not updated except
for total and retained catch.

Biomass Retaineq To'gal Retained Retained

Year MSST (MMB) GHL Commercial Retained Catch catch

Catch Catch OFL ABC
2016 2.26 5.87 0.52 0.51 0.52 0.71 0.57
2017 2.31 5.14 0.50 0.49 0.50 0.67 0.54
2018 2.41 4.08 0.30 0.31 0.34 0.43 0.35
2019 2.24 3.12 0.15 0.08 0.08 0.24 0.19
2020 2.28 3.67 0.29 0.22

Total retained catch during 2019 did not exceed the OFL for this stock, thus overfishing is not occurring.
Stock biomass is above MSST; thus, the stock is not overfished.
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8 Aleutian Islands Golden King Crab

Fishery information relative to OFL setting

The directed fishery has been prosecuted annually since the 1981/82 season. Management based on a
formally established GHL began with the 1996/97 season. The Alaska Board of Fisheries adopted an
abundance-based harvest strategy for the stock in March 2019. This fishery has been managed under the
Crab Rationalization Program since 2005. Total mortality of Al golden king crab includes retained catch
in the directed fishery, mortality of discarded catch, and bycatch in fixed-gear and trawl groundfish
fisheries, though bycatch in other fisheries is low compared to mortality in the directed fishery. Total
mortality in the post-rationalized fishery has ranged from 2,506 t in 2006/07 to 3,735t in 2019/20.

Data and assessment methodology

The assessment for Al golden king crab establishes a single OFL and ABC for the whole stock. However,
separate models are evaluated for the EAG and the WAG owing to different abundance trends in each
area. The current modeling framework was recommended by the CPT in September 2016 and approved
by the SSC in October 2016.

The model-based stock assessment involves fitting male-only population dynamics models to data on
catches and discards in the directed fishery, discards in the groundfish fishery, standardized indices of
abundance based on observer data, fish ticket data, length-frequency data for the directed fishery
(landings and total catch), and mark-recapture data. This is the only crab assessment that relies solely on
fishery CPUE as an index of abundance, with the CPUE index standardization process subject to past
CPT and SSC review.

The assessment authors examined six model scenarios for the EAG and three model scenarios for the
WAG in this assessment cycle. Model 19.1 was last year’s base model. Model 20.1b was the same as
Model 19.1 except that the standardization of the Fish Ticket CPUE was based on a negative binomial
error model. Model 20.1b is an improvement over last year’s base model because it better accounts for the
noise in the base model. The CPT recommends Model 20.1b with mean recruitment based on the
estimates for years 1987-2012 for OFL and ABC determination for 2020/21.

Stock biomass and recruitment trends

Estimated mature male biomass (MMB) for the EAG decreased from high levels until the 1990s after
which the trend has been increasing. In contrast, the MMB for the WAG increased from a low in the
1990s until 2007/08 and then declined again, and has since recovered to the MMB levels of those in the
mid-2000s. Recruitment for the EAG was variable and high during 2014-2016 while recruitment for the
WAG was lower in recent years than during the 1980s. Stock trends reflected the fishery standardized
CPUE trends in both areas.

Summary of major changes

The assessment model recommended by the CPT is similar to the model used in the previous assessment.
There were minor changes in the CPUE standardization for the Fish Ticket data that had minor effects on
assessment results.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommends that this stock be managed as a Tier 3 stock in 2020/21. A single OFL and ABC is
defined for AIGKC. However, separate models are available by area. The CPT recommends that stock
status be determined by adding the estimates of current MMB and Bwsy by area. This stock status is then
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used to determine the ratio of Forr to F3sy, by area, which is then used to calculate the OFLs by area,
which are then added together to calculate an OFL for the entire stock. The SSC has concurred with this
approach. The stock is currently estimated to be above Busy in both areas therefore no adjustment is
needed to the ForL to determine the combined OFL for both areas. As in 2019, the CPT recommends that
the Bumsy proxy for the Tier 3 harvest control rule be based on the average recruitment from 1987-2012,
years for which recruitment estimates are relatively precise.

Status and catch specifications (1000 t) for Aleutian Islands golden king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 N/A N/A 2.515 2.593 2.947 5.69 4.26
2017/18 6.044 14.205 2.515 2.585 2.942 6.048 4.536
2018/19 5.880 17.848 2.883 2.965 3.355 5.514 4.136
2019/20 5.909 16.323 3.257 3.319 3.735 5.249 3.937
2020/21 14.774 4.798 3.599

Status and catch specifications (million Ib) for Aleutian Islands golden king crab. Shaded values
are new estimates or projections based on the current assessment. Other table entries are based on
historical assessments and are not updated except for total and retained catch.

Biomass Retained Total
Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 N/A N/A 5.545 5.716 6.497 12.53 9.40
2017/18 13.325 31.315 5.545 5.699 6.487 13.333 10.000
2018/19 12.964 39.348 6.356 6.536 7.396 12.157 9.118
2019/20 13.027 35.985 7.180 7.317 8.234 11.572 8.679
2020/21 32.571 10.579 7.934

The total fishery mortality in 2019/20 was 3,735 t, less than the OFL of 5,249 t, thus overfishing has not
occurred. The mature male biomass was 16,323 t, above MSST of 5,909 t, hence the stock was not
overfished.

Additional Plan Team recommendations

The CPT recommended additional development of fishery CPUE standardization, including further
development of how to account for year-area interactions when constructing indices of abundance and
their uncertainty. Work should continue to obtain an index using the cooperative pot survey data for use
in the EAG assessment model. Finally, GMACS for the AIGKC assessment should be explored.
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9 Pribilof District Golden King Crab

In accordance with the approved schedule, the Pribilof Islands golden king crab assessment is conducted
triennially with the previous assessment in 2017. Therefore, a full stock assessment was conducted in
2020 with results to be applied for the 2021-2023 specifications. Additional information listed below
summarizes the 2020 assessment.

Fishery information relative to OFL setting

The Pribilof Islands golden king crab fishery began in the 1981/82 season but is currently managed by
calendar year. The directed fishery mainly occurs in Pribilof Canyon of the continental slope. Peak directed
harvest was 388 t by 50 vessels during the 1983/84 season; fishery participation has since been sporadic
and retained catches vary from 0 to 155 t. A guideline harvest level (GHL) was first established in 1999 at
91 t and the fishery was managed with a GHL of 68 t from 2000 to 2014, and reduced to 59 t in 2015.
Discarded (non-retained) catch has occurred in the directed golden king crab fishery, the eastern Bering
Sea snow crab fishery, the Bering Sea grooved Tanner crab fishery, and in Bering Sea groundfish fisheries.
Estimates of annual total fishery mortality during 2001-2019 due to crab fisheries range from 0 to 73 t.
Estimates of annual fishery mortality during 1991/92-2019 due to groundfish fisheries range from
negligible to 9 t. Total fishery mortality in groundfish fisheries during the 2019 crab fishing year was 4 t.

Data and assessment methodology

There is no assessment model for this stock. Fish ticket and observer data are available, size-frequency data
from samples of landed crabs, and pot lifts sampled during the fishery, and from the groundfish fisheries.
Much of the directed fishery data are confidential due to low participation levels. A random effects model
for moving toward a Tier 4 assessment was explored; however, several model aspects needed better
documentation to understand the model. The CPT was encouraged by these efforts and would like to see
future development of this model in 2021.

Stock biomass and recruitment trends

There is no stock biomass data used in this Tier 5 assessment.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommends this stock be managed under Tier 5 in 2021. The CPT concurs with the author’s
recommended status quo OFL of 93 t and an ABC of 70 t. The ABC was derived by applying a 25%
buffer of the OFL, ABC =0.75 * OFL, the same buffer used for other Tier 5 stocks with similar levels of
concern. The 2021 OFL calculation is the same as recommended by the SSC for 2013—2020:

OFL2021 = (1+R2001-2010) *RET1993-1998 + BMNc,1994-1998 + BMGF,1992/93-1998/99

where,

e Roooi-20101s the average of the estimated annual ratio of 1b of bycatch mortality to Ib of retained in the
directed fishery during 2001-2010.

o RET1993-1998 is the average annual retained catch in the directed crab fishery during 1993—1998.

o BMnc,1994-1998 is the estimated average annual bycatch mortality in non-directed crab fisheries during
1994-1998.

© BMGar.1992/93-1998/99 is the estimated average annual bycatch mortality in groundfish fisheries during
1992/93-1998/99.
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Status and catch specifications (t) for Pribilof Islands golden king crab. Shaded values are new estimates
or projections based on the current assessment. Other table entries are based on historical assessments
and are not updated except for total and retained catch.

Year MSST '?,{Erl\“/laBs)s GHL R(e:t:t'gﬁd g;’:;'] OFL ABC
2016 N/A N/A 59 0 0.24 91 68
2017 N/A N/A 59 Conf, Conf, 93 70
2018 N/A N/A 59 Conf, Conf, 93 70
2019 N/A N/A 59 Conf, Conf, 93 70
2020 N/A N/A 59 93 70
2021 N/A N/A 93 70

Status and catch specifications ( Ib) for Pribilof Islands golden king crab. Shaded values are new estimates
or projections based on the current assessment. Other table entries are based on historical assessments
and are not updated except for total and retained catch.

Year  MSST %'\zR‘AaBS)S GHL R(e:t:t'gﬁd g;’:;'] OFL ABC
2016 N/A N/A 130,000 0 <0.001 0.20 0.15
2017 N/A N/A 130000  Conf. Conf. 0.20 0.15
2018 N/A N/A 130000  Conf. Conf. 0.20 0.15
2019 N/A N/A 130000  Conf. Conf. 0.20 0.15
2020 N/A N/A 130,000 0.20 0.15
2021 N/A N/A 0.20 0.15
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10 Western Aleutian Islands red king crab

In accordance with the approved schedule, the Western Aleutian Islands king crab assessment is
conducted triennially with the previous assessment in 2017. Therefore, a full stock assessment was
conducted in 2020 with results to be applied for the 2020/21specifications. Additional information listed
below summarizes the 2020 assessment.

Fishery information relative to OFL and ABC setting

After 1995/96, the fishery was opened only occasionally. There was an exploratory fishery in 1998/99,
three commissioner’s permit fisheries in limited areas during 2000/01-2002/03 to allow for ADF&G-
Industry surveys, and two commercial fisheries with a GHL of 227 t in 2002/03 and 2003/04 in the Petrel
Bank area. The fishery has been closed since 2003/04.

Non-retained catch of red king crabs occurs in both the directed red king crab fishery, the Aleutian Islands
golden king crab fishery, and in groundfish fisheries. Estimated annual total fishing mortality from
1995/96 to 2019/20 averaged 30 t. The average retained catch during that period was 23 t. This fishery is
rationalized under the Crab Rationalization Program only for the area west of 179° W longitude.

Data and assessment methodology

The 1960/61 to 2019/20 time series of retained catch (number and pounds of crabs), effort (vessels,
landings and pot lifts), average weight and average carapace length of landed crabs, and catch-per-unit
effort (number of crabs per pot lift) are available. Bycatch from crab fisheries from 1995/96 to 2019/20
and from groundfish fisheries from 1993/94 to 2019/20 are available. There is no assessment model for
this stock. The standardized surveys of the Petrel Bank area conducted by ADF&G in 2006 and 2009 and
the ADF&G-Industry Petrel Bank surveys conducted in 2001 were too limited in geographic scope and
too infrequent for reliable estimation of abundance for the entire western Aleutian Islands area.

Stock biomass and recruitment trends

Estimates of stock biomass, recruitment trends, and current levels relative to virgin or historic levels are
not available for this stock. The fishery has been closed since 2003/04 due to apparent poor recruitment. A
2009 survey conducted by ADF&G in the Petrel Bank area encountered an ageing population of legal male
crab occurring in a more limited area and at lower densities than were found in a 2006 survey and provided
no expectations for recruitment. A test fishery conducted by a commercial vessel during October-December
2009 in the area west of Petrel Bank yielded only one legal male red king crab. A cooperative red king crab
survey was performed by the Aleutian Islands King Crab Foundation and ADF&G in the Petrel Bank area
in November 2016 averaged less than one crab per pot lift suggesting that the stock is in poor condition.

Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommends that this stock be managed under Tier 5 for the 2020/21season. The CPT concurs
with the assessment author’s recommendation of an OFL based on the 1995/96-2007/08 average total
catch following the recommendation of the SSC in June 2010 to set the time period for computing the
OFL at 1995/96-2007/08. The CPT recommends an OFL for 2020/21 of 56 t.

The CPT continues to have concerns regarding the depleted condition of this stock. Groundfish bycatch in
recent years has accounted for the majority of the total catch. The CPT recommends an ABC of 14 t for
2020/21 which is equivalent to a 75% buffer on OFL. The recommended ABC is less than that which was
recommended by the SSC for 2012/13 — 2016/17 because 1) the industry has not expressed interest in a
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small test fishery, and 2) because the stock is severely depressed as indicated by the 2016 Petrel survey
(CPT minutes for May 2017).

Status and catch specifications (t) for Western Aleutian Islands red king crab. Shaded values are new
estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Fishin Biomass Retained Total

Yearg MSST (MMB) TAC Catch Catch OFL ABC
2016/17 N/A N/A Closed 0 <1 56 34
2017/18 N/A N/A Closed 0 <1 56 34
2018/19 N/A N/A Closed 0 <1 56 14
2019/20 N/A N/A Closed 0 <1 56 14
2020/21 N/A N/A 56 14

Status and catch specifications (million Ib) for Western Aleutian Islands red king crab. Shaded values are
new estimates or projections based on the current assessment. Other table entries are based on historical
assessments and are not updated except for total and retained catch.

Fishing Biomass Retained Total

Year MSST (MMB) TAC Catch Catch OFL ABC
2016/17 N/A N/A Closed 0 0.00045 0.12387 0.07432
2017/18 N/A N/A Closed 0 0.00075 0.12387 0.03097
2018/19 N/A N/A Closed 0 0.00031 0.12387 0.03097
2019/20 N/A N/A Closed 0 0.00164 0.12387 0.03097
2020/21 N/A N/A 0.12387 0.03097
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Figures and Tables

Figure 2.  Status of eight Bering Sea and Aleutian Islands crab stocks in relation to status determination
criteria (Bumsy, MSST, overfishing) for 2020. Note that information is insufficient to assess Tier
5 stocks according to these criteria (WAIRKC, PIGKC).
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Table 4. Summary recommendations for each BSAI crab stock from the final 2020 SAFE. Hatched areas indicate parameters not applicable for that tier. Biomass
values are in thousand metric tons (kt).

SAFE
Chapt.

10

Stock

E. Bering Sea
snow crab

Bristol Bay
red king crab

E. Bering Sea
Tanner crab

Pribilof Is.
red king crab

Pribilof Is.
blue king crab

St. Matthew
blue king crab

Norton Sound
red king crab

Aleutian Is.
golden king
crab

Pribilof Is.
golden king
crab

W. Aleutian Is.

red king crab

Tier

3a

3b

3b

4a

4c

4c

4b

3a

OFL

1.65

0.16

0.93

0.21

0.18

0.047

0.141

EAG (0.61)
WAG (0.56)

Bwmsy or

BMSVproxy

113.7

25.4

36.62

1.73

3.34

2.07

11.82

Bmsy
basis years?!

1982-2019
[recruitment]

1984-2019
[recruitment]

1982-2018
[recruitment]

2001-2018
[MMB]
1980/81-
1984/85 &
1990/91-
1997/98
[MMB]

1978-2019
[MMB]

1980-2019
[MMB]

1987/88-
2012/13

See intro
chapter

1995/96-
2007/08

2020/212

MMB

276.7

14.93

35.31

6.43

0.175

1.12

1.66

14.77

2020/21
MMB /
MMBwmsy

2.43

0.59

0.96

3.72

0.04

0.34

0.80

1.25

Natural
Mortality (M)

0.34 (mat.fem)
0.36 (imm.).
0.36 (mat.male)

0.18

0.32 (mat.fem)
0.24 (imm.)
0.29 (mat.male)

0.18

0.18

0.18

0.18

0.21

2020/21
31 OFL

184.90

2.14

21.13

0.86

0.00116

0.05

0.13

4.798

0.093

0.056

2020/21
ABC?

92.5

1.61

16.90

0.65

0.00087

0.04

0.10

3.599

0.070

0.014

ABC

Buffer

25%

20%

20%

25%

25%

25%

25%

25%

25%

75%

Add’l
2020
Buffer*

25%

5%

0%

0%

1 For Tiers 3, 4 where BMSY proxy is estimable, the years refer to the time period over which the estimate is made. For Tier 5 stocks it is the years upon which the catch average for OFL is obtained.
2 MMB as projected in Feb of this year for Norton Sound red king crab, and June of this year for AIGKC.

3 AIGKC OFL and ABC calculated by author outside the chapter for using the Approach 2 combination of EAG and WAG and 25% buffer between OFL and ABC

4 Additional ABC buffer added for some stock to address added uncertainty in OFL due to absence of 2020 traw! survey data
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Table 5. Maximum permissible ABCs for 2020/21 and SSC recommended ABCs for three stocks where the SSC
recommendation is below the maximum permissible ABC, as defined by Amendment 38 to the Crab
FMP. Values are in thousand metric tons (kt).

Stock Tier ,;Zi(z;(l: ZOAZSé 21
EBS Snow Crab?* 3 184.2 92.5
Bristol Bay RKC? 3 2.13 1.61
Tanner Crab? 3 20.87 16.90
Pribilof Islands RKC? 4 0.857 0.648
Pribilof Islands BKC* 4 0.00104 0.00087
Saint Matthew BKC? 4 0.05 0.04
Norton Sound RKC? 4 0.129 0.10
Aleutian Islands GKC? 3 4.773 3.599
Pribilof Islands GKC* 5 0.092 0.070
Western Aleutian Islands RKC* 5 0.056 0.014

Basis for P* calculation of Max ABC:
1CV on terminal year biomass
2CV on OFL
SMcmcC
490%OFL (Tier 5)
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1. Stock: Eastern Bering Sea snow crab, Chionoecetes opilio.

2. Catches: trends and current levels

Retained catches increased from relatively low levels in the early 1980s (e.g. retained catch of 11.85 kt during
1982) to historical highs in 1990s (retained catch during 1991, 1992, and 1998 were 143.02, 104.68, and 88.09
kt, respectively). The stock was declared overfished in 1999 at which time retained catches dropped to levels
similar to the early 1980s (e.g. retained catch during 2000 was 11.46 kt). Retained catches have slowly
increased since 1999 as the stock rebuilt, although retained catch during 2019 was relatively low (15.43 kt).

Discard mortality is the next largest source of mortality after retained catch and approximately tracks the
retained catch. The highest estimated discard mortality occurred during 1992 at 17.06 kt which was 16% of
the retained catch during that year. The most recent estimated discard mortality was 5.07 kt, which was
33% of the retained catch (the highest fraction on record).

3. Stock Biomass:

Observed mature male biomass (MMB) at the time of the survey increased from an average of 234.14 kt in
the early to mid-1980s to historical highs 1990s (observed MMB during 1990, 1991, and 1997 were 443.79,
466.61, and 326.75 kt, respectively). The stock was declared overfished in 1999 in response to the total
mature biomass dropping below the 1999 minimum stock size threshold. MMB in that year decreased to
95.85 kt. Observed MMB slowly increased after 1999, and the stock was declared rebuilt in 2011 when
estimated MMB at mating was above Bgs9. However, after 2011, the stock declined and the observed MMB
at the time of survey dropped to an all time low in 2016 of 63.21 kt. Recently, MMB is increasing again as
a large recruitment moves through the size classes and is currently estimated to be above Bgsg;.

4. Recruitment

Estimated recruitment shifted from a period of high recruitment to a period of low recruitment in the mid-
1990s (late 1980s when lagged to fertilization). Recently, a large year class recruited to the survey gear and
is beginning to be seen in the biomass vulnerable to the directed fishery.


http:historicalhighsin1990s(retainedcatchduring1991,1992,and1998were143.02,104.68,and88.09
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(1,000t).
Biomass Retained Total
Year MSST (MMB) TAC catch catch OFL ABC
2015/2016 75.8 91.6 18.4 18.4 21.4 83.1 62.3
2016/2017 69.7 96.1 9.7 9.7 11 23.7 21.3
2017/2018 71.4 99.6 8.6 8.6 10.5 28.4 22.7
2018/2019 63 123.1 12.5 12.5 15.4 29.7 23.8
2019/2020 56.8 167.3 15.4 154 20.8 54.9 43.9
2020/2021 276.7 184.9 92.5
Table 2: Historical status and catch specifications for snow crab
(millions of 1bs).
Biomass Retained Total
Year MSST (MMB) TAC catch catch OFL ABC
2015/2016 167.11 201.94 40.57 40.57 47.18 183.2 137.35
2016/2017 153.66 211.86 21.38 21.38 24.25 52.25 46.96
2017/2018 157.41 219.58 18.96 18.96 23.15 62.61 50.04
2018/2019 138.89 271.39 27.56 27.56 33.95 65.48 52.47
2019/2020 125.22 368.83 33.95 33.95 45.86 121.03 96.78
2020/2021 610.02 407.63 203.93

6. Basis for the OFL

The OFL for crab year 2020 from the chosen model 20.2 was 184.91 kt fishing at Fopy = 1.65, which was
100% of the calculated F350,. The projected ratio of MMB at the time of mating in 2020 (crab year) to Bssg

is 2.43 .

7. Probability Density Function of the OFL

The probability density function of the OFL was characterized for all models by using maximum likelihood

estimates of the OFL and associated standard errors.

8. Basis for ABC

The ABC for the chosen model was 92.45 kt, calculated by subtracting a 50% buffer from the OFL as
recommended by the CPT. The buffer was increased from 20% (used in 2019) to 25% to account for model
uncertainty around the 2015 recruitment event and an additional 25% was added to account for uncertainty
related to missing the terminal year of survey data.
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A. Summary of Major Changes

1. Management: None

2. Input data:

Data added to this assessment included: 2019 directed fishery retained and discard catch, and length com-
position for retained and discard catch (calculated via the ‘subtraction’ method; see below), and groundfish
discard length frequency and discard from 2019. Importantly, no new survey data were available for 2020.

3. Assessment methodology:

Management quantities were derived from maximum likelihood estimates of model parameters in a size-
based, integrated assessment method. Jittering was not performed because of the shift to GMACS, but will
be implemented in the next cycle. Retrospective analyses were performed for selected model configurations.

4. Assessment results

The updated estimate of MMB (February 15, 2020) was 207.19kt which placed the stock at 182% of Bss¢.
Projected MMB on February 15, 2021 from this assessment’s chosen model was 276.71 kt after fishing at the
OFL, which will place the stock at 243% of Bgs¢. Fits to all data sources were acceptable for the chosen
model and most estimated population processes were credible (see discussion below).
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B. Comments, responses and assessment summary

SSC and CPT Comments + author responses

SSC comment: The stock assessment author recommended bringing forward three model variants for con-
sideration this fall: status quo, “free q”7 GMACS, and “prior q” GMACS models. The CPT agreed, and
the SSC concurs. The GMACS models fit both NMFS and BSFRF survey data better than the status quo
model. Both the stock assessment author and the CPT recommended postponing the use of VAST estimates
for assessment until diagnostics could be more fully analyzed. The team offered other suggestions about the
assessment, with which the SSC agrees.

Author response: These recommendations are included in the models considered, plus additional exercises
necessary to address uncertainty resulting from cancelled NMFS summer surveys.

CPT comments: Identify cause of the ‘pigtails’ in the retained catch size compositions

Author response: I have not identified why the pigtails occur. Currently, the problem only exists in 1982-
1984, so it should not influence management advice arising from the terminal year estimates of MMB. I plan
to spend more time understanding this result in the fall.

CPT comments: Implement reference point calculations in GMACS for status determination and OFL cal-
culation

Author response: Reference point calculations were modified in GMACS to accommodate terminally molting
life histories with differing natural mortalities between immature and mature life stages. The resulting
reference points are similar to the reference points calculated in the status quo assessment and a more
thorough comparison is made in the supplementary document titled “A comparison of the status quo stock
assessment for eastern Bering Sea snow crab to an assessment developed in GMACS.” The conclusion in that
document is that, in the opinion of the author, GMACS satisfactorily produces reference points and should
be adopted for use in management.

Summary of assessment scenarios for September 2020

Five models are presented here:

e 19.1 — Last year’s accepted model fit to last year’s data

e 20.1 — 19.1 fit to this year’s data, with revised trawl data

e 20.2 - GMACS fit to the same data as 20.1

e 20.3 — 20.2 + extra weight on BSFRF data to force the estimated catchability coeflicient to equal the
implied catchability by the BSFRF data

Model 20.2 was the author preferred model based on model fits and the use of GMACS. Model 20.1 was not
preferred because it did not fit the terminal years of survey MMB and the GMACS modeling platform is
an improvement over the status quo model. Model 20.3 was not preferred because it did not converge and
resulted in doubling of the stock size.

Given the potential uncertainty added by missing the survey data for this year, several additional analyses
were performed. Retrospective analyses, an imputed survey data exercise, and a projection to the year
2025 under two different harvest scenarios were undertaken with the author preferred model. A sequential
addition of catch data was performed to understand the impact of the new catch data. An exercise that
varied the size of the smoothing penalties placed on estimated recruitment deviations is presented to explore
the impact of the penalties on the size of the 2015 estimated recruitment and the resulting management
quantities.
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C. Introduction

Distribution

Snow crab (Chionoecetes opilio) are distributed on the continental shelf of the Bering Sea, Chukchi Sea, and
in the western Atlantic Ocean as far south as Maine. In the Bering Sea, snow crab are distributed widely
over the shelf and are common at depths less than ~200 meters (Figure 1 & Figure 2). Smaller crabs tend to
occupy more inshore northern regions (Figure 3) and mature crabs occupy deeper areas to the south of the
juveniles (Figure 4 & Figure 5; Zheng et al. 2001). The eastern Bering Sea population within U.S. waters is
managed as a single stock; however, the distribution of the population may extend into Russian waters to
an unknown degree.

Life history characteristics

Studies relevant to key population and fishery processes are discussed below to provide background for the
model description in appendix A.

Natural Mortality

Relatively few targeted studies exist to determine natural mortality for snow crab in the Bering Sea. In
one of these studies, Nevissi, et al. (1995) used radiometric techniques to estimate shell age from last molt
(Figure 6). The total sample size was 21 male crabs (a combination of Tanner and snow crab) from a
collection of 105 male crabs from various hauls in the 1992 National Marine Fishery Service (NMFS) Bering
Sea survey. Representative samples for the 5 shell condition categories were collected from the available
crab. Shell condition 5 crab (SC5 = very, very old shell) had a maximum age of 6.85 years (s.d. 0.58, 95%
CI approximately 5.69 to 8.01 years; carapace width of 110 mm). The average age of 6 crabs with SC4 (very
old shell) and SC5, was 4.95 years (range: 2.70 to 6.85 years). Given the small sample size, this maximum
age may not represent the 1.5% percentile of the population that is approximately equivalent to Hoenig’s
method (1983). Tag recovery evidence from eastern Canada revealed observed maximum ages in exploited
populations of 17-19 years (Nevissi, et al. 1995, Sainte-Marie 2002). A maximum time at large of 11 years
for tag returns of terminally molted mature male snow crab in the North Atlantic has been recorded since
tagging started about 1993 (Fonseca, et al. 2008). Fonseca, et al. (2008) estimated a maximum age of 7.8
years post terminal molt using data on dactal wear.

In recent years, the mean for the prior for natural mortality used in the eastern Bering Sea snow crab
assessment was based on the assumption that longevity would be at least 20 years in a virgin population
of snow crab, informed by the studies above. Under negative exponential depletion, the 99th percentile
corresponding to age 20 of an unexploited population corresponds to a natural mortality rate of 0.23. Using
Hoenig’s (1983) method a natural mortality equal to 0.23 corresponds to a maximum age of 18 years. For
the base model in this assessment cycle, the means of the prior on natural mortality for immature males and
females, mature males, and mature females were also set to 0.23 yr!l.

In contrast to the implied natural mortalities from the methodology used above, Murphy et al. (2018)
estimated time-varying natural mortality for eastern Bering Sea snow crab with a mean of 0.49 for females
and 0.36 for males (based on the output of state-space models fit to NMFS survey data; Figure 7). Further,
natural mortality estimates produced from empirical analyses by Then et al. (2015) and Hamel (2015)
using similar assumed maximum ages as the methodology above produce natural mortalities larger than
0.23 (Table 3). Then et al. (2015) compared several major empirical estimation methods for M (including
Hoenig’s method) with an updated data set and found that maximum age was the best available predictor. A
maximum age of 20 years corresponded to an M of ~0.315 in Then et al’s analysis. Hamel (2015) developed
priors in a similar manner to Then et al., but forced the regression of observed natural mortality onto
maximum age through the intercept, which resulted in an M of ~0.27 for an assumed maximum age of 20
years.
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Table 3: Empirical estimates of natural mortality for a range of
methods over a range of assumed maximum ages (column header).

23 20 17
Then 0.277 0.315 0.365
Hoenig (1983) 0.19 0.212 0.257
Hoenig (2015) 0.194 0.223 0.261
Hamel 0.235 0.271 0.318

In addition to the results of empirical estimates of M from updated methodologies and state-space modeling
by Murphy et al. (2018), inspection of the survey data suggests that natural mortality for mature individuals
is higher than assumed. A fraction of the mature population (which are assumed not to grow, given evidence
for a terminal molt) are not selected in the fishery (e.g. sizes 50-80 mm; Figure 8). Consequently, all mortality
observed is ‘natural’. The collapse in recruitment in the 1990s can be used as an instrument to understand
natural mortality for mature individuals. The last large recruitment enters these size classes in the mid- to
late-1990s and numbers of crab in these size classes return to low levels in less than 5 years. It would be
useful to perform radiometric aging on old shell crab that are not selected in the fishery to better understand
natural mortality for mature crab.

Natural mortality is one of the major axes of uncertainty considered in the assessment scenarios presented
in this assessment. The median value of the priors used in some scenarios were changed to values resulting
from assuming a maximum age of 20 years and applying Then et al’s or Hamel’s methodology. A standard
error of 0.054 was used for all priors and was estimated using the 95% CI of +-1.7 years on maximum
age estimates from dactal wear and tag return analysis in Fonseca, et al. (2008). Another potential, but
unexplored, option for developing a prior is to apply all of the methods to the range of possible maximum
ages, develop a probability density function for maximum age given the observed data, then calculate a
weighted average of the natural mortalities using the pdf for weights and use the standard error from that
weighted average to define the breadth of the prior.

Weight at length

Weight at length is calculated by a power function, the parameters for which were recalculated by the
Shellfish Assessment Program in August 2016 and resulted in very small changes in weight at length for
males, but rather large changes for females. New weight at length parameters were applied to all years of
data, rather than just the most recent observations and were used starting in 2016 for calculation of the
OFL. To provide context for the change, a juvenile female crab of carapace width 52.5 mm was previously
estimated to weigh 65 g and is now 48 g; a mature female crab of carapace width 57.5 mm was estimated to
previously weigh 102 g and is now 67.7 g; and a male of carapace width 92.5 mm was previously estimated
to weigh 450 g and now weighs 451 g.

Maturity

Maturity of females collected during the NMFS summer survey was determined by the shape of the abdomen,
by the presence of brooded eggs, or egg remnants. Maturity for males was determined by chela height
measurements, which were available starting from the 1989 survey (Otto 1998). Mature male biomass
referenced throughout this document refers to a morphometrically mature male. A maturity curve for males
was estimated using the average fraction mature based on chela height data and applied to all years of survey
data to estimate mature survey numbers. The separation of mature and immature males by chela height may
not be adequately refined given the current measurement to the nearest millimeter. Chela height measured
to the nearest tenth of a millimeter (by Canadian researchers on North Atlantic snow crab) shows a clear
break in chela height at small and large widths and shows fewer mature animals at small widths than the
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Bering Sea data measured to the nearest millimeter. Measurements taken in 2004-2005 on Bering Sea snow
crab chela to the nearest tenth of a millimeter show a similar break in chela height to the Canadian data
(Rugolo et al. 2005). The probability of maturing (which is different from the fraction mature at length) is
a freely estimated (but smoothed) function of length for both sexes within the assessment model.

Molting probability

Bering Sea male snow crab appear to have a terminal molt to maturity based on hormone level data and
findings from molt stage analysis via setagenesis (Tamone et al. 2005). The models presented here assume a
terminal molt for both males and females, which is supported by research on populations in the Bering Sea
and the Atlantic Ocean (e.g., Dawe, et al. 1991).

Male snow crabs that do not molt (old shell) may be important in reproduction. Paul et al. (1995) found
that old shell mature male Tanner crab out-competed new shell crab of the same size in breeding in a
laboratory study. Recently molted males did not breed even with no competition and may not breed until
after ~100 days from molting (Paul et al. 1995). Sainte-Marie et al. (2002) stated that only old shell males
take part in mating for North Atlantic snow crab. If molting precludes males from breeding for a three month
period, then males that are new shell at the time of the survey (June to July), would have molted during
the preceding spring (March to April), and would not have participated in mating. The fishery targets new
shell males, resulting in those animals that molted to maturity and to a size acceptable to the fishery of
being removed from the population before the chance to mate. However, new shell males will be a mixture
of crab less than 1 year from terminal molt and 14 years from terminal molt due to the inaccuracy of shell
condition as a measure of shell age. Crabs in their first few years of life may molt more than once per year,
however, the smallest crabs included in the model are approximately 4 years old and would be expected to
molt annually. Information for the probability of molting comes from the split in numbers at length between
immature and mature individuals by sexes.

Mating ratio and reproductive success

Bering Sea snow crabs are managed using mature male biomass (MMB) as a proxy for reproductive potential.
MMB is used as the currency for management because the fishery only retains large male crabs. Male snow
crabs are sperm conservers, using less than 4% of their sperm at each mating and females also will mate with
more than one male. The amount of stored sperm and clutch fullness varies with sex ratio (Sainte-Marie
2002). If mating with only one male is inadequate to fertilize a full clutch, then females will need to mate
with more than one male, necessitating a sex ratio closer to 1:1 in the mature population, than if one male
is assumed to be able to adequately fertilize multiple females. Although mature male biomass is currently
the currency of management, female biomass may also be an important indicator of reproductive potential
of the stock.

Quantifying the reproductive potential of the female population from survey data can be difficult. For
example, full clutches of unfertilized eggs may be extruded and appear normal to visual examination, and
may be retained for several weeks or months by snow crab. Resorption of eggs may occur if not all eggs
are extruded resulting in less than a full clutch. Female snow crab at the time of the survey may have a
full clutch of eggs that are unfertilized, resulting in overestimation of reproductive potential. Barren females
are a more obvious indication of low reproductive potential and increased in the early 1990s, decreased in
the mid-1990s, then increased again in the late 1990s. The highest levels of barren females coincides with
the peaks in catch and exploitation rates that occurred in 1992 and 1993 fishery seasons and the 1998 and
1999 fishery seasons. While the biomass of mature females was high in the early 1990s, it is possible the
production may have been impacted by the spatial distribution of the catch and the resulting sex ratio in
areas of highest reproductive potential. Biennial spawning is another confounding factor in determining the
reproductive potential of snow crab. Laboratory analysis showed that female snow crab collected in waters
colder than 1.5 degrees C from the Bering Sea spawn only every two years.
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Further complicating the process of quantifying reproductive capacity, clutch fullness and fraction of unmated
females may not account for the fraction of females that may have unfertilized eggs, since these cannot be
detected by eye at the time of the survey. The fraction of barren females observed in the survey may not
be an accurate measure of fertilization success because females may retain unfertilized eggs for months after
extrusion. To examine this hypothesis, NMFS personnel sampled mature females from the Bering Sea in
winter and held them in tanks until their eggs hatched in March of the same year (Rugolo et al. 2005). All
females then extruded a new clutch of eggs in the absence of males. All eggs were retained until the crabs
were euthanized near the end of August. Approximately 20% of the females had full clutches of unfertilized
eggs. The unfertilized eggs could not be distinguished from fertilized eggs by visual inspection at the time
they were euthanized. Indices of fertilized females based on the visual inspection method of assessing clutch
fullness and percent unmated females may overestimate fertilized females and may not be an accurate index
of reproductive success.

Growth

Historically, little information was available on growth for Bering Sea snow crab. However, many new data
points have been added in recent years (Table 5). These studies include:

Transit study (2003); 14 crab

Cooperative seasonality study; 6 crab

Dutch harbor holding study; 9 crab

NMFS Kodiak holding study held less than 30 days; 6 crab
NMFS Kodiak holding study 2016; 5 crab

NMFS Kodiak holding study 2017; 70 crab.
BSFRF/NMFS holding study 2018; 4 crab.

AN

In the “Transit study”, pre- and post-molt measurements of 14 male crabs that molted soon after being
captured were collected. The crabs were measured when shells were still soft because all died after molting,
so measurements may be underestimates of post-molt width (L. Rugolo, pers. com.). The holding studies
include only data for crab held less than 30 days because growth of crabs held until the next spring’s molting
was much lower. Females molting to maturity were excluded from all data sets, since the molt increment
is usually smaller. Crab missing more than two limbs were excluded due to other studies showing lower
growth. Crab from the seasonal study were excluded that were measured less than 3 days after molting due
to difficulty in measuring soft crab accurately (L. Rugolo, pers. comm.). In general, growth of snow crab in
the Bering Sea appears to be greater than growth of some North Atlantic snow crab stocks (Sainte-Marie
1995).

Management history

ADFG harvest strategy

Before the year 2000, the Guideline Harvest Level (GHL) for retained crab only was a 58% harvest rate of
the number of male crab over 101 mm CW estimated from the survey. The minimum legal size limit for
snow crab is 78 mm, however, the snow crab market generally only accepts crab greater than 101 mm. In
2000, due to the decline in abundance and the declaration of the stock as overfished, the harvest rate for
calculation of the GHL was reduced to 20% of male crab over 101 mm. After 2000, a rebuilding strategy
was developed based on simulations by Zheng et al. (2002) using survey biomass estimates. The realized
retained catch typically exceeded the GHL historically, resulting in exploitation rates for the retained catch
on males >101mm ranging from about 10% to 80%.

The Alaska Department of Fish and Game (ADFG) harvest strategy since 2000 sets harvest rate based on
estimated mature biomass. The harvest rate scales with the status of the population relative to Bysgy, which
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is calculated as the average total mature biomass at the time of the survey from 1983 to 1997 and MSST is
one half Bpssy. The harvest rate begins at 0.10 when total mature biomass exceeds 50% MSST (230 million
Ibs) and increases linearly to 0.225 when biomass is equal to or greater than Bjssy (Zheng et al. 2002).

Bycatchiy 1 % <0.25
" 0.225( i B aray — ) if0.25 < ~IMBU_ (1)
1—ay) : TMBusy
0.225 if T M B> T MBpsyy

Where TMB is the total mature biomass and TMB g9y is the TMB associated with maximum sustainable
yield. The maximum retained catch is set as the product of the exploitation rate, u, calculated from the
above control rule and survey mature male biomass. If the retained catch in numbers is greater than 58%
of the estimated number of new shell crabs greater than 101 mm plus 25% of the old shell crab greater than
101 mm, the catch is capped at 58%.

History of BMSY

Prior to adoption of Amendment 24, Bjssy was defined as the average total mature biomass (males and
females) estimated from the survey for the years 1983 to 1997 (921.6 million 1bs; NPFMC 1998) and MSST
was defined as 50% of Bjpsy. Currently, the biological reference point for biomass is calculated using a
spawning biomass per recruit proxy, Bgsg (Clark, 1993). Bgsg is the biomass at which spawning biomass
per recruit is 35% of unfished levels and has been shown to provide close to maximum sustainable yield for a
range of steepnesses (Clark, 1993). Consequently, it is an often used target when a stock recruit relationship
is unknown or unreliable. The range of years of recruitment used to calculate biomass reference points is
from 1982 to the present assessment year, minus 1.

Fishery history

Snow crab were harvested in the Bering Sea by the Japanese from the 1960s until 1980 when the Magnuson
Act prohibited foreign fishing. After the closure to foreign fleets, retained catches increased from relatively
low levels in the early 1980s (e.g. retained catch of 11.85 kt during 1982) to historical highs in the early and
mid-1990s (retained catches during 1991, 1992, and 1998 were 143.02, 104.68, and 88.09 kt, respectively;
Table 6). The stock was declared overfished in 1999 at which time retained catches dropped to levels similar
to the early 1980s (e.g. retained catch during 2000 was 11.46 kt). Retained catches have slowly increased
since 1999 as the stock rebuilt, although retained catch during 2019 was low (15.43 kt).

Discard mortality is the next largest source of mortality after retained catch and approximately tracks the
retained catch. The highest estimated discard mortality occurred during 1992 at 17.06 kt, which was 16%
of the retained catch. The most recent estimated discard biomass was 5.07 kt, which was 25% of the total
catch.

Discard from the directed pot fishery has been estimated from observer data since 1992 and has ranged from
11-100% of the magnitude of retained catch by numbers . In recent years, discards have reached 50-100%
of the magnitude of retained catch because of the large year class entering the population. Female discard
catch has been very low compared to male discard catch and has not been a significant source of mortality.
Discard of snow crab in groundfish fisheries has been highest in the yellowfin sole trawl fishery, and decreases
down through the flathead sole trawl fishery, Pacific cod bottom trawl fishery, rock sole trawl fishery, and
the Pacific cod hook-and-line and pot fisheries, respectively (Figure 9). Bycatch in fisheries other than the
groundfish trawl fishery has historically been relatively low. Size frequency data and catch per pot have been
collected by observers on snow crab fishery vessels since 1992. Observer coverage has been 10% on catcher
vessels larger than 125 ft (since 2001), and 100% coverage on catcher processors (since 1992).
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Several modifications to pot gear have been introduced to reduce bycatch mortality. In the 1978/79 season,
escape panels were require on pots used in the snow crab fishery to prevent ghost fishing. Escape panels
consist of an opening with one-half the perimeter of the tunnel eye laced with untreated cotton twine. The
size of the cotton laced panel was increased in 1991 to at least 18 inches in length. No escape mechanisms
for undersized crab were required until the 1997 season when at least one-third of one vertical surface of pots
had to contain not less than 5 inches stretched mesh webbing or have no less than four circular rings of no
less than 3 3/4 inches inside diameter. In the 2001 season the escapement provisions for undersized crab was
increased to at least eight escape rings of no less than 4 inches placed within one mesh measurement from
the bottom of the pot, with four escape rings on each side of the two sides of a four-sided pot, or one-half of
one side of the pot must have a side panel composed of not less than 5 1/4 inch stretched mesh webbing.

D. Data

No new NMFS survey data were available this year due to cancellation of the surveys. Bycatch data (biomass
and size composition) were updated for 1986-present after a change in the AKFIN database (Figure 10).
This resulted primarily in a scaling down of the bycatch mortality, though the trend of the time series was
largely maintained. Retained, total, and discarded catch (in numbers and biomass) and size composition
data for each of these data sources were updated for the most recent year based on files provided by the
State of Alaska.

Catch data

Catch data and size composition of retained crab from the directed snow crab pot fishery from survey year
1982 to 2019 were used in this analysis (Table 6). Discard size composition data from 1992 to 2017 were
estimated from observer data and then combined with retained catch size compositions to become the ‘total
catch’ size composition data, which are fit in the assessment. In 2018, observer data collection changed and
only total catch size composition data and retained size composition data are produced. This is a sensible
step in data collection, but the current formulation of the snow crab model accepts discarded size composition
data as an input. So, in 2018 the discarded size compositions were calculated by subtracting the retained
size compositions from the total size compositions. This mismatch of input data types will be addressed in
an upcoming data overhaul for the assessment.

The discard male catch was estimated for survey year 1982 to 1991 in the model using the estimated fishery
selectivities based on the observer data for the period of survey year 1992 to 2018. The discard catch
estimate was multiplied by the assumed mortality of discards from the pot fishery. The assumed mortality
of discarded crab was 30% for all model scenarios. This estimate differs from the strategy used since 2001 to
the present by ADFG to set the TAC, which assumes a discard mortality of 25% (Zheng, et al. 2002). The
discards prior to 1992 may be underestimated due to the lack of escape mechanisms for undersized crab in
the pots before 1997. See Table 4 for a summary of catch data.

Table 4: Data included in the assessment. Dates indicate survey

year.
Data component Years

Retained male crab pot fishery size frequency by shell condition 1982 - 2019
Discarded Males and female crab pot fishery size frequencey 1992 - 2019
Trawl fishery bycatch size frequencies by sex 1991 - 2019
Survey size frequencies by sex and shell condition 1982 - 2019
Retained catch estimates 1982 - 2019
Discard catch estimates from crab pot fishery 1992 - 2019
Trawl bycatch estimates 1993 - 2019
Total survey biomass estimates and coefficients of variation 1982 - 2019
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Data component Years
2009 study area biomass estimates, CVs, and size frequencey for BSFRF and 2009
NMFS tows
2010 study area biomass estimates, CVs, and size frequencey for BSFRF and 2010
NMFS tows

Survey biomass and size composition data

Estimates from the annual eastern Bering Sea (EBS) bottom trawl survey conducted by NMFS serve as
the primary index of abundance in this assessment (see Lang et al., 2018). In 1982 the survey net was
changed resulting in a potential change in catchability and additional survey stations were added in 1989.
Consequently, survey selectivity has been historically modeled in two ‘eras’ in the assessment (1982-1988,
1989-present). All survey data in this assessment used measured net widths instead of the fixed 50 ft net
width based on Chilton et al’s (2009) survey estimates. Carapace width and shell conditions were measured
and reported for snow crab caught in the survey.

Mature biomass for males and females at the time of the survey were the primary indices of population size
fit to in the assessments presented. In the status quo assessment, total survey numbers were input to the
model via the .DAT file, after which MMB and FMB at the time of the survey were calculated based on the
size composition data, which were delineated by shell condition, maturity state, and sex. In the GMACS
models, MMB and FMB were input directly via the .DAT file and the size composition data were input
by sex and maturity state (e.g. Figure 11 & Figure 12), cutting out the steps necessary within the code to
calculate the data to which the model is ultimately fit.

Distinguishing between mature and immature crab for the size composition was accomplished by demarcating
any female that had eggs reported in the survey as ‘mature’. Mature male size composition data were
calculated by multiplying the total numbers at length for new shell male crab by a vector of observed
proportion of mature males at length. The observed proportion of mature males at length was calculated by
chelae height and therefore refers only to ‘morphometrically’ mature males. All old shell crab of both sexes
were assumed to be mature. New shell crab were demarcated as any crab with shell condition index <= 2.
The biomass of new and old shell mature individuals was calculated by multiplying the vector of numbers
at length by weight at length. These vectors were then summed by sex to provide the input for the status
quo assessment model (Table 7).

The NMFS summer surveys were cancelled in 2020 due to the coronavirus pandemic.

Spatial distribution of survey abundance and catch

Spatial gradients exist in the survey data by maturity and size for both sexes. For example, larger males have
been more prevalent on the southwest portion of the shelf (Figure 4) while smaller males have been more
prevalent on the northwest portion of the shelf (Figure 1). Females have exhibited a similar pattern (compare
Figure 2 to Figure 5). In addition to changing spatially over the shelf and by size class, distributions of crab
by size and maturity have also changed temporally. The centroids of abundance in the summer survey have
moved over time (Figure 13 & Figure 14). Centroids of mature female abundance early in the history of
the survey were farther south, but moved north during the 1990s. Since the late 1990s and early 2000s, the
centroids moved south again, but not to the extent seen in the early 1980s. This phenomenon was mirrored
in centroids of abundance for large males (Figure 14).

Centroids of the catch have generally been south of 58.5 N, even when ice cover did not restrict the fishery
moving farther north. This is possibly due to proximity to port and practical constraints of meeting delivery
schedules. In general, the majority of catch was taken west and north of the Pribilof Islands, but this rule
has had exceptions.
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The observed distribution of large males during the summer survey and the fishery catch have historically
been different, and the origin of this difference is unknown. It is possible that crab move between the
fishery and the survey, but it is also possible that fishers do not target all portions of the distribution of
large male crab equally. The underlying explanation of this phenomenon could hold implications for relative
exploitation rates spatially and it has been suggested that high exploitation rates in the southern portion
of the snow crab range may have resulted in a northward shift in snow crab distribution (Orensanz, 2004).
Snow crab larvae likely drift north and east after hatching in spring. Snow crab appear to move south and
west as they age (Parada et al., 2010); however, little tagging data exists to fully characterize the ontogenetic
or annual migration patterns of this stock (Murphy et al. 2010).

Experimental study of survey selectivity

The Bering Sea Fisheries Research Foundation (BSFRF) has conducted supplementary surveys in the Bering
Sea in which snow crab were caught during 2009, 2010, 2016, 2017, and 2018. The location and extent of
these surveys varied over the years as the survey goals changed. In 2009, the survey consisted of 108 tows
around 27 survey stations and the goal was to improve understanding snow crab densities and the selectivity
of NMFS survey gear (Figure 15). In 2010, the survey area was larger and still focused on snow crab. The
mature biomass and size composition data gleaned from each of these experiments (and their complimentary
NMFS survey observations; Figure 16 & Figure 17) are incorporated into the model by fitting them as an
extra survey that is linked to the NMFS survey through a shared selectivity (see appendix A and B for a
description of the way in which the surveys are related in the assessment models—the approach is similar
for both). Abundances estimated by the industry surveys were generally higher than the NMFS estimates,
which suggests that the catchability of the NMFS survey gear is less than 1.

In 2016, 2017, and 2018, snow crab were not the focus of the BSFRF surveys, yet were still caught in
the BSFRF gear. Comparing the ratio of the number of crab caught at length in the BSFRF gear (which
is assumed to have a catchability /selectivity of 1 over all size classes) to the number of crab caught at
length within the same area in the NMFS survey gear (which is assumed to have a catchability /selectivity
<= to 1 for at least some of the size classes) can provide an empirical estimate of catchability/selectivity
(Figure 18). Empirical estimates of catchability/selectivity vary by year and size class across the different
BSFRF data sets (Figure 19). The number of snow crab used to develop estimates of numbers at length
probably contribute to these differences among years (Figure 20), but there are likely other factors that
influence catchability /selectivity at size of the NMFS survey gear (e.g. Somerton et al. 2013 show substrate
type can influence selectivity). Further understanding the implications of these experiments is a research
priority for snow crab.

E. Analytic approach

History of modeling approaches for the stock

Historically, survey estimates of large males (>101 mm) were the basis for calculating the Guideline Harvest
Level (GHL) for retained catch. A harvest strategy was developed using a simulation model that pre-dated
the current stock assessment model (Zheng et al. 2002). This model has been used to set the GHL (renamed
total allowable catch, ‘TAC’, since 2009) by ADFG since the 2000/2001 fishery. Currently, NMFS uses an
integrated size-structured assessment to calculate the overfishing level (OFL), which constrains the ADFG
harvest strategy.

Model description

The integrated size-structured model used by NMFS (and presented here) was developed following Fournier
and Archibald’s (1982) methods, with many similarities to Methot (1990). The model was implemented using
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automatic differentiation software developed as a set of libraries under C++ (ADModel Builder). ADModel
Builder can estimate a large number of parameters in a non-linear model using automatic differentiation
software extended from Greiwank and Corliss (1991) and developed into C++ class libraries.

The snow crab population dynamics model tracked the number of crab of sex s, shell condition v, maturity
state m, during year y at length [, Ng 4 m 4. A terminal molt was modeled in which crab move from an
immature to a mature state, after which no further molting occurred. The mid-points of the size bins
tracked in the model spanned from 27.5 to 132.5mm carapace width, with 5 mm size classes. For the base
assessment (20.1), 364 parameters were estimated. Parameters estimated within the assessment included
those associated with the population processes recruitment, growth, natural mortality (historically subject
to a fairly informative prior), fishing mortality, selectivity (fishery and survey), catchability, and maturity.
Weight at length, discard mortality, bycatch mortality, and parameters associated with the variance in growth
and proportion of recruitment allocated to size bin were estimated outside of the model or specified. See
appendix A for a complete description of the population dynamics.

In the past, each assessment author for crab stocks in the Bering Sea developed an assessment model to
provide management advice, and this has lead to some heterogeneity among assessment methodologies. Re-
cently the General Model for Assessing Crustacean Stocks (GMACS) was developed to promote consistency
and comparability among assessments. Several crab assessments have been developed in GMACS and subse-
quently approved for use in management by the Crab Plan Team. GMACS was developed with king crab-like
life histories in mind, but has recently been modified to accommodate terminally molting life histories. The
structure of the population dynamics model in GMACS is now very similar to the status quo assessment
model and can reproduce the dynamics of the male component of the status quo model precisely with the
correct configuration (see May 2020 CPT opilio document).

A ‘jittering’ approach has been historically used to find the estimated parameter vector that produced the
smallest negative log likelihood for the assessment model (Turnock, 2016). Jittering was not implemented
here because the functionality in GMACS is still in development.

Three models are presented here for consideration: the status quo model, a GMACS implementation in which
the BSFRF data are given the same weight as in the status quo assessment, and a GMACS implementation
in which the BSFRF data are given a much higher weight to force catchability in the model to align with
the implied catchability from the BSFRF experiments.

Retrospective analyses were performed in which the terminal year of data was removed sequentially from
the model fitting for the author preferred model. Then estimated management quantities (like MMB) were
compared between the most recent model and successive ‘peels’ of the data to identify retrospective patterns.
A retrospective pattern is a consistent directional change in assessment estimates of management quantities
(e.g. MMB or the OFL) in a given year when additional years of data are added to an assessment. Mohn’s
rho (which computes the average difference between the reference case and the peels) was calculated for
each retrospective analysis (i.e. including and excluding the terminal year survey data) to quantify the
retrospective patterns. A second retrospective analysis was performed in which the terminal year of survey
data was removed from the assessment to explore the impact of a missed survey in 2020.

The estimated recruitment in 2015 produced from the author’s preferred model nearly doubled when adding
the 2019/20 catch data, and this was unexpected. The size of this recruitment strongly impacts the man-
agement quantities and the OFL, so additional models runs in which the catch data were added sequentially
and the magnitude of the recruitment penalty was varied were performed to explore the behavior of the
model with respect to this estimated recruitment.

Model selection and evaluation

Models were evaluated based on their fit to the data, the credibility of the estimated population processes,
stability of the model, the magnitude of retrospective patterns, and the strength of the influence of the
assumptions of the model on the outcomes of the assessment. Input data, functional forms of population
processes, initial values, projections specification, and maximum likelihood estimates of parameters can be
seen for the author preferred model in the appendices containing the .DAT, .CTL, .PROJ, and .PAR files.
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Comparison between the output of the status quo model and GMACS is difficult because the likelihoods
and weighting schemes are different. The mean absolute relative errors (relative error being the observed
data minus the predicted value, all divided by the observed data) were calculated for the survey indices and
catch data. Mean absolute errors were calculated for the size composition data. Both these metrics provide
a quantitative measure of goodness of fit, but are not ideal because they do not consider the uncertainty in
the data. Model comparison will be less of a problem when the only GMACS models are considered.

Results

Model 20.2 is the only model that incorporated the most recent catch data, provided passable fits to the
recent survey MMB, and converged. Given the total allowable catches are often based on survey derived
quantities and no survey was performed this year, projected values of survey MMB could be important
to management of the fishery. Model 20.2 fit the survey data the best (Figure 21 & Figure 22), but it
also displayed a retrospective pattern (Figure 23), which has been a persistent issue with the snow crab
assessment. Retrospective patterns suggest that a process is varying over time that is not allowed to vary
within the model (e.g. catchability) or the data are incomplete (e.g. not all catch is reported). This particular
pattern appears to be driven by an anomalously high observation of survey MMB in 2014. Below, the fits
to data and estimated population processes for all considered models are described.

Fits to data
Survey biomass data

The GMACS models generally fit the survey MMB and FMB better than the status quo model (Figure 24).
The status quo model (20.1) did not fit the last two years of available MMB well, in spite of relatively good
fits to the data from models without the new data (i.e. 19.1).

Growth data

All GMACS models provided roughly the same fit to the male growth data, which is a line with a slightly
larger slope than the line fit by the status quo models (Figure 25). All GMACS models fit a linear relationship
between premolt length and growth increment for females, whereas status quo models retained the kinked
growth curve.

Catch data

Retained catch data were fit by all models well, but the status quo models fit the data slightly better than
GMACS (Figure 26). Female discard data were fit more closely by GMACS, which is a reflection of the
transition to CVs that force greater precision than the weights used in the status quo assessment. Male
discard data during the period for which data exist (early 1990s to the present) were well fit by every model
(Figure 26).

Size composition data

Total and retained catch size composition were similarly fit by both GMACS and the status quo model.
However, GMACS predicted larger numbers of animals in the largest size bins for the first few model years
(Figure 27). This phenomenon disappeared in later years with fits to the data that were indiscernible among
models. Total catch and bycatch size composition data were both similarly fit by the models, with total
catch size composition being fit more closely than the bycatch data (Figure 28 & Figure 29).
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Fits to size composition data for the BSFRF survey selectivity experiments produced some notable runs of
positive and negative residuals for males (Figure 30). GMACS fit the data in 2010 (which are most important
for informing catchability) better than the status quo assessment, but which model best fit the 2009 data
was less clear.

Notable differences in fits to NMF'S survey size composition data existed (Figure 31, Figure 32, Figure 33
& Figure 34). GMACS fit the immature female size composition data better in many years (e.g. 1984,
1986, 1996, 1997, 2007); GMACS fit the immature males more similarly to the status quo model than the
immature females. Fits to mature male size composition data were also similar between models and the
few differences seemed to favor GMACS (e.g. 1984, 1990, 2017-18). Differences between models for fits to
mature female size composition data were the smallest for survey size composition data. The shift in how
growth and natural mortality from the status quo model to GMACS likely contributed to the changes in fits
to the size composition data.

A potentially important lack of fit is apparent in the mature males NMFS size composition data in 2019.
All models predicted fewer mature males >~70mm carapace size than observed (Figure 35). There is a
conflict in the two terminal years of the survey which may warrant caution in extrapolating the fitted trend
to the year of survey data required for management advice. This issue was not apparent for mature females
(Figure 36).

Estimated population processes and derived quantities

Estimated population processes and derived quantities varied among models. Projected MMB for 2020
ranged from 165 to 517 kt (Figure 37). Model 20.3 produced the largest estimates of MMB, resulting from
forcing the catchability coefficient to reflect the implied ¢ from the BSFRF studies. For the author preferred
model, estimated fishing mortality has exceeded Fg54 in the recent past (Figure 38). Estimated MMB has
been less than Bgsg from 2011 to 2018, and estimates suggest that the population may have recently been
beneath MSST (Figure 38). However, the most recent estimated MMB exceeds Bgs¢ for the author preferred
model 20.2.

Both status quo and GMACS models estimated lower catchability in survey era 1 (1982-1988) relative to era 2
(1989-present). The shapes of the NMFS selectivity curves were similar among all models; the largest changes
were seen in the catchability coefficient (Figure 39). GMACS model 20.2 estimated a higher catchability
coefficient than the status quo model during selectivity era 2; model 20.3 estimated catchability at the value
implied by the BSFRF data. These differences in catchabilities contributed to the differences in scale of
estimated MMB between the models.

Predicted availability curves for the BSFRF experimental surveys were similar across assessments in years
with similar configurations (Figure 40). The status quo assessment historically used a logistic curve for the
availability for females in 2009, but this is likely overly restrictive. All implementations of GMACS estimated
a vector of availabilities for both years and sexes of BSFRF data, which more closely reflect the empirical
availabilities.

The shape of the estimated curve representing the probability of maturing for both sexes were similar within
sex, but the magnitude of the probabilities varied, most strongly for females (Figure 41). The GMACS-
estimated probability of maturing at smaller sizes was consistently higher for females and this is related to
the change from a kinked growth curve to a linear growth model. The ‘hump’ at 32.5 mm carapace width
for females is likely related to the specified curve that determines what fraction of incoming recruitment is
placed in which length bin, which has a peak at the same spot as the probability of maturing. Model 20.3
(in which survey q was low) estimated a higher probability of maturing for intermediately sized male crab
than other models.

Estimated fishing mortality scaled with estimated population size across models (Figure 42). GMACS
models generally estimated fishing mortality lower than the status quo models during survey era 1. This
difference is a result of differences in estimated MMB in the early years of the fishery. Estimated fishery and
discard selectivity were dissimilar between model type (i.e. GMACS vs. status quo), which is related to how
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selectivity and fishing mortality are treated in the code (discussed in the May 2020 snow crab document).
GMACS estimates of female discard mortality were lower than the status quo, but, when balanced with
changes in estimated selectivity, the estimated catches were similar to the status quo (Figure 26).

Patterns in estimated recruitment by sex were similar for both models, but GMACS estimates were more
variable than the status quo estimates (Figure 43). Further, the estimated 2015 recruitment was larger
in GMACS than the status quo model and the size of this recruitment is a strong driver of the terminal
year MMB and OFL. Part of the variation in estimated recruitment appears to be related to differences in
the relative weight of smoothing penalties placed on estimated recruitment deviations (Figure 44). These
differences in recruitment are translated to the MMB and OFL (Figure 45 & Figure 46). The penalties in
both the status quo and GMACS model were first difference penalties with a weight of 1, but, given the
differences in likelihood and model structure, the relative strength of the smoothness penalties appear to
be stronger in the status quo model. The estimated recruitment in GMACS sharply increases from the
estimates with only the 2019 assessment year data when the discard data are added and then again with the
addition of the trawl data to the final estimate in 20.2 (not shown).

In general, a period of high recruitment was estimated in which 2 or 3 large male cohorts passed through the
population during the 1980s and into the early 1990s. Following that, a period of low recruitment persisted
from the early 1990s to the mid-2010s. All models indicated a large (relative to the past) recruitment to
the survey gear occurred around 2015 for males. Peaks in female recruitment were roughly coincident across
models, but the magnitudes could be mismatched. Recruitment entering the model was placed primarily in
the first three size bins, and the parameters determining the process were fixed in both models.

Estimated natural mortality from GMACS model for immature crab was higher than the status quo models,
in spite of identical priors (Figure 47). Estimated immature natural mortality was generally higher than
mature natural mortality in GMACS, which was not seen in the status quo model. The relationship between
estimates of immature and mature natural mortality produced using GMACS is more consistent with a ‘U-
shaped’ natural mortality curve with respect to size/age that is posited to be a better reflection of exposure
to predation at smaller sizes and increased senescence at older ages.

F. Calculation of the OFL

Methodology for OFL

The OFL was calculated using proxies for biomass and fishing mortality reference points and a sloped
control rule. Proxies for biomass and fishing mortality reference points were calculated using spawner-per-
recruit methods (e.g. Clark, 1991). After fitting the assessment model to the data and estimating population
parameters, the model was projected forward 100 years using the estimated parameters under no exploitation
to determine ‘unfished’ mature male biomass-per-recruit. Projections were repeated in which the bisection
method was used to identify a fishing mortality that reduced the mature male biomass-per-recruit to 35% of
the unfished level (i.e. F350, and Bsse;). Calculations of F 359 were made under the assumption that bycatch
fishing mortality was equal to the estimated average value.

Calculated values of Fg50; and Bsgey, were used in conjunction with a Tier 3 control rule to adjust the
proportion of Fssg that is applied based on the status of the population relative to B3se (Amendment 24,
NMFS).

Bycatchy 1 %@ <0.25

Forps= Fas (w5557 —) i£0.25 < MMBY (2)
1—ay : MM Bss
Fis i f M M Bip> MM Bas
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Where MMB is the projected mature male biomass in the current survey year after fishing at the Fopy,
MMB 354 is the mature male biomass at the time of mating resulting from fishing at F 359, F 359 is the fishing
mortality that reduces the mature male biomass per recruit to 35% of unfished levels, and astletermines the
slope of the descending limb of the harvest control rule (set to 0.1 here).

Calculated OFLs and interpretation

OFLs calculated from maximum likelihood estimates of parameters from the suite of presented models ranged
from 95.4 to 448.38 (Table 8). Differences in OFLs were a result of differences in estimated MMB (see above),
calculated Bgsg (which ranged from 113.66 to 183.95 kt; Table 8), F 354 (which ranged from 1.6 to 2.61
yr'l; Table 8), and Forz, (which ranged from 1.6 to 2.61 yr™'; Table 8). Changes in estimated catchability,
natural mortality, and the probability of maturing determine the reference points calculated within a given
assessment.

Projections under harvest strategies

G. Calculation of the ABC

The acceptable biological catch (ABC) was set by subtracting a 50% buffer from the OFL to account for
scientific uncertainty, as recommended by the CPT. The 2019 buffer was 20%, recommended by the CPT
and SSC. For this year’s buffer, 5% of the increase was attributed to model uncertainty related to changes
in recruitment estimates and 25% of the additional buffer was attributed to retrospective analyses with and
without the terminal year of survey data showing large increases in the OFL when the terminal year of
survey data was excluded.

Uncertainty in the ABC

Several aspects of this year’s assessment contributed to the consideration of an additional buffer. First, the
retrospective analyses performed showed that the retrospective patterns were worse when the terminal year
of survey biomass was not included in the model. A Mohn’s rho of 0.66 vs. 1.04 in MMB was produced
by the author preferred model, including and excluding terminal survey data, respectively (Figure 23) &
Figure 48). These retrospective patterns would have often translated to higher OFLs (i.e. overharvesting
of the stock) when the terminal year of survey data was unavailable (Figure 49). Part of the differences in
MMB and OFL arise from changes in estimated survey q (Figure 50).

Second, runs using an imputed survey for 2020 based on the prediction of the survey data and error associated
with the 25th and 75th quantiles of the residuals produced a large range of OFL (154 to 203 kt). This coupled
with conflict in the 2018 and 2019 survey data is troubling. The survey numbers in 2019 decreased much
more rapidly than would be expected based on estimates of natural mortality. If the decline is ‘real’ and
not an artifact of sampling, the larger magnitude of the predicted survey MMB with respect to the observed
survey MMB in 2019 could result in a larger OFL than appropriate. All models had a difficult time fitting the
observed composition of mature males in these years and, without a survey in 2020 to corroborate the survey
numbers and size composition from either 2018 or 2019, additional uncertainty will exist in projections that
is difficult to incorporate into assessment output directly.

Finally, the large differences in the estimated recruitment in 2015 with the addition of the 2019/2020 catch
data is concerning because it is not clear why the estimates should increase as much as they did. Estimates
of the 2015 recruitment from the GMACS model were already somewhat larger than those from the status
quo before adding the 2019/20 data. However, once the 2019/20 discard and bycatch data were in the model,
the GMACS estimate of the 2015 recruitment nearly doubled.

Projections were performed for the author preferred model to the year 2025, harvesting at Fg59 and at a
fishing mortality defined by the most recent five year average of the estimated directed fishing mortality.
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Recruitment in these projections were a random draws from estimates of historical recruitments. The pro-
jections suggest that, given the estimated 2019 size composition and estimates of growth, maturity, natural
mortality, and stock size, MMB will peak either this year or next at levels similar to the maximum historically
estimated MMB before declining precipitously (Figure 51). Projections beyond 4 years become uncertain
because the stochasticity introduced by randomly drawn recruitment enters the model. These projections
should be considered exploratory and not an absolute reflection of the future of the stock.
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Author recommendations

Model 20.2 is the author preferred model, based on fits to the data (particularly the survey MMB), the
credibility of the estimated populations processes (growth and natural mortality, importantly), and the
strength of the influence of assumptions of the model on the outcomes of the assessment (e.g. assumptions
about BSFRF availability and growth functional forms). The CPT elected to increase the buffer to 50% for
this year, given model uncertainties and the impacts of a missing terminal year of survey data.

Although the author preferred model fit the data as well or better than the status quo model in most instances,
there were exceptions. The overestimation of the retained size length composition data in the initial model
years by GMACS should be further examined, but it ultimately does not appear to influence the model
appreciably in recent years. The GMACS estimates of population processes were at least as credible as the
status quo model, given what we know about snow crab biology and the fishery (perhaps more so for processes
like growth). The resulting changes in reference points and other quantities used in management were readily
explained by the observed changes in estimates of parameters determining population processes. Given the
improvements in GMACS model structure and following the need to standardize assessment methodologies
across platforms, the author recommends adoption of the GMACS platform for the use of assessment and
management of snow crab.

H. Data gaps and research priorities

Methodology

Refining the code base and transparency of the newly minted assessment for snow crab in GMACS is the
next priority.

Data sources

The supplementary analyses included in this document confirm that yearly survey data are very important
to the assessment and management of snow crab in the eastern Bering Sea. The author is pleased to hear
from collaborators at ADFG that an automated system for producing the catch data used in assessment
is being developed. This will improve confidence in the input data, which should bolster confidence in the
assessment output.

Modeling

Although GMACS appears to be a satisfactory platform with which to assess eastern Bering Sea snow crab,
more work exists to address data inputs, model structure, and assumptions about population processes.
Future work will include reexamining catchability and the functional form of selectivity of the NMFS survey
gear. The estimated change in catchability between survey eras is rather large and it is not clear if the
changes in survey gear and area surveyed are sufficient to explain these changes. Based on the BSFRF
survey selectivities, it is possible that survey selectivity is not logistic, as assumed, and perhaps a more
flexible functional form would incorporate the BSFRF data more effectively into the model. Time varying
catchability is also a strong potential culprit behind some years of poorly fit survey data (e.g. 2014).

The concept of a kinked growth curve should not be entirely abandoned because the biological reasoning
holds merit. However, the current growth data and growth function does not capture the hypothesized
process well. A potentially more realistic growth model may fit two growth curves: one for immature crab
and one for maturing crab. However, this would require the growth increment data to be split between
‘immature’ and ‘maturing’ growth increments, which are not currently available.
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It is not clear in practice which parameters can be reliably estimated with the currently available data
and assessment model. Different weightings of likelihood components can have drastic impacts on the
management advice provided from an assessment. A close look at the way CVs, sample sizes, and other
weighting factors are calculated and their influence on assessment results could provide better understanding
of how well the model is balanced. Simulations may be useful to understand both the estimability of the
parameters in the current model with the current data and the impact of the weights assigned to different
data sources. Standardization of the weighting schemes would also improve readability of the code (for
example, some size composition data have both ‘weights’ and ‘sample sizes’).

Scientific uncertainty

Natural mortality exerts a large influence over estimated management quantities and population processes,
but is poorly known. Tagging studies targeted at estimating natural mortality could be useful to the
assessment and could also shed light on the migration patterns, which could help us understand the impact
of the fishery (e.g. centroids of large male abundance in the survey and catch do not match—is this because
the crab are moving or because the fishery operates in a specific place regardless of the centroid of large male
abundance? The answer to this question could influence priors on catchability.) Lacking tagging studies,
studies aimed at aging old shell crab protected from the fishery by selectivity could provide better estimates
of maximum age for use in empirical estimates of M.

Similarly, establishing measures of reproductive capacity that include females, the spatial overlap of mature
individuals, the role water temperature plays in biennial spawning, and the effectiveness of mating by size
for males may allow for relationships between recruitment and mature biomass to be found (e.g. Murphy et
al. 2017). In general, exploring the spatial dynamics of the population may allow for patterns and influences
of the fishery and environment on the productivity of the stock to be more easily identified.

Previous analyses suggested that retrospective patterns may be a problem for the snow crab assessment
(Szuwalski and Turnock, 2016; Szuwalski, 2017), which was supported by this analysis. Retrospective
patterns can result from unaccounted for time-varying processes in the population dynamics of the model
(Hurtado et al., 2015). The retrospective patterns in MMB for snow crab appears to be at least partially a
result of large estimates of survey MMB in 2014 and 2018. The large estimated survey MMB may have been
caused by a change in catchability during those years and focused research on time-variation in important
population processes for snow crab should be pursued to confront retrospective biases. Efforts to address
catchability and the spatial dynamics of the snow crab fishery are currently underway.

I. Ecosystem Considerations

Historically, recruitment for snow crab could be divided into two periods via regime shift algorithms (e.g. Ro-
dionov, 2004). Szuwalski and Punt (2013) reported that the shift in recruitment corresponded with a change
in the winter Pacific Decadal Oscillation (Szuwalski and Punt, 2013), but also with a period of intense fishing
mortality. The recent observed large recruitments may suggest a new ‘regime’ has begun (though it could
also be a one-off large recruitment event).

Checking the new estimates of recruitment against the winter PDO showed that the relationship has broken
down with the addition of new data (which is a common phenomenon; Myers 1998). However, the PDO is
correlated with the Arctic Oscillation (AO) and the AO is very significantly correlated with estimated snow
crab recruitment (Figure 52; though one data point has high leverage in this relationship). Negative values
of the AO are associated with high pressure in the polar region and greater movement of polar air into lower
latitudes. This relationship may be another clue in the search for mechanistic explanations for changes in
snow crab recruitment.

Regime-based management strategies have been evaluated for snow crab, but found that only small im-
provements in long-term yield are derived from changing the target reference points based on a change point
algorithm and those changes come at a higher risk of overfishing (Szuwalski and Punt, 2012). Given the
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uncertainty around whether or not the environment or the fishery precipitated changes in recruitment, the
precautionary principle guides managers to assume it is the fishery (Restrepo et al., 1998). Spatial analyses
of recruitment, mature biomass, environmental drivers, and the impact of the fishery may provide insight
to the population dynamics of snow crab, but modeling techniques capable of fully-spatial stock assessment
are only recently feasible. The most recent large recruitment events will likely divide the recruitment time
series into three periods and present an intriguing opportunity for further study of the relationship between
environmental variables and recruitment success.
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Appendix A: Status quo assessment model population dynamics

Numbers of sex s of shell condition v and maturity state m at length [ in the initial year of the assessment,
Ny, v,m,y=1,1, were calculated from an estimated vector of numbers at length [ by sex s and maturity state m
for males, As ., and numbers at length [ by sex s and shell condition v for females (i.e. 2 vectors for each sex
were estimated). Estimated vectors of initial numbers at length by maturity for females were calculated by
splitting the estimated vectors at length by the observed proportion mature in the first year of the survey.

gbli?ks,l,lw if v = new; m = mat, s = fem
1-— ‘S’bf 5,1,y if v =new; m = imat, s = fem
N o,my=1,14= (3)
As,2,0 if v. = old; m = mat, s = fem
0 if v = old; m = imat

Initial numbers at length for males were all assumed to be new shell.

As,1,0 if v = new; m = mat, s = male
As,2p if v.=new; m = imat, s = male
Nivo,my=1,15= (4)

0 if v. = old; m = mat, s = male

0 if v = old; m = imat, s = male

The dynamics after the initial year were described by:

s, Qs imat,y,l Xl 1y if v = new; m = mat

1= 51k, Qs imat,y,l Xs 11 15t Recﬂ)rlw if v.= new; m = imat

N o,m,y+1,165= (5)
Qs mat,y,l’ if v = old; m = mat

(1 = Ks,11) Qs imat .y’ if v.= old; m = imat

Where , ;ywas the probability of maturing at length [ for sex s (a freely estimated vector for both males
and females constrained by penalties on smoothness), ks ;7 was the probability of molting for an immature
crab of sex s at length I’ (set to 1 for all immature crab), and X, ; ;- was the size transition matrix describing
the probability of transitioning from size I’ to size | for sex s. Qs m,y,7 Was the number of crab of sex s,
maturity state m, and length [’ surviving natural and fishing mortality during year y:

Qs = D Nosom el omo (6)
v

Where Ny, m y,1 Tepresented the numbers, N, of sex s during year y of shell condition v and maturity state m
at length I. Zg 4 m,y,1 represented the total mortality experienced by the population and consisted of the sum
of instantaneous rates of natural mortality by sex and maturity state, M ,,, and fishing mortality, F
from each fishery. Each fishing mortality was subject to selectivity by length [, which varied between sexes
s and fisheries f (and by year y if specified) . M, ,, was specified in the model and a multiplier v, ¢z, mywas
estimated subject to constraints (see this formulation effectively specified a mean and standard deviation for
a prior distribution for M).
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Zs w6 Ynattm Mo, mgt > s fy i Fs v (7)
i

Selectivities in the directed and bycatch fisheries were estimated logistic functions of size. Different selec-
tivity parameters were estimated for females and males in the directed fisheries (Sfem,dir,i and Siaie, diri,
respectively), a single selectivity for both sexes was estimated for bycatch in the groundfish trawl fishery
(Strawi,1), and a retention selectivity was estimated for the directed fishery for males (R, ;; all females were
discarded).

1
male,dir,lf— ) (8)
14T 1+ e—Sstope,m,a(L1—S50,m,d

L ) (9)

stope, f,d(L1—S50,f,d

S

Sfem,dir,luF 1+ G_S

1
Strawl,ll[«‘:l +e—Sslope,t(Lz—Sso.t) (10)
1
Rair 1= 1 + e~ Sstope.m,a(Li—550,m.d ) (11)

Where Sgiope,s,r was the slope of the logistic curve for sex s in fishery f and Ss¢ s s was the length at 50%
selection for sex s in fishery f. Catches for all fisheries were modeled as pulse fisheries in which all catch was
removed instantaneously (i.e. no natural mortality occurred during the fishery). Catch in fishery f during
year y was calculated as the fraction of the total fishing mortality, F 1, ;, applied to a given sex s in a fishery
f times the biomass removed by all fisheries for that sex.

lzl} male,dir F F
2 :2 :2 : e, dir,y,ly —0y Mg m iryy, )
Cmale,dir,yw—_ wmale,ltﬂ; ]\/vmale,v,m,y,le v ’ (1 6@( malte,diry,l tmm’y‘l))
male,dir,y,ly I trawl,y,ly

lp v my
(12)
C — Z Z Z Finaie,dir,y,1 N —8yMoim (1 _ o Fmate.diry, i+ Frrauwt,y.0)
male,tot,y— wmale,l%—, F male,v,m,y,l€ ( ey )
W v my male,dir,y,lu‘;‘" trawl,y,ly
(13)
Frem,diry,i _ v
W v my em,dir,y,luﬁ_ trawl,y,ly
(14)
Cerf’trawl’yw: Z Z Z Z ws,le,v,m,y’leméyMs'm (1 — e@(Ft"'awl-,y,l)) (15)
s Yy v my

Where §,was the mid point of the fishery (all fisheries were assumed to occur concurrently and the midpoint
was based on the directed fishery, which accounts for the vast majority of the fishing mortality) and wy
was the weight at length [ for sex s. Trawl data and discard data were entered into the model with an
assumed mortality of 80% and 30%, respectively. Fully-selected fishing mortality parameters for fishery f
were estimated as a logged average over a given time period (F, 53% with yearly deviations around that mean

logy
(Fdez,yg)'

lo lo
Fp o= e Favg s TFals s.4) (16)

Selectivity for the survey was estimated for 2 eras in the base model: 1982-1988 and 1989-present. Selectivity
was assumed to be logistic and separate parameters representing the length at which selection probability
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equal 50% and 95% (s50,s,e and sgs s ¢, respectively) were estimated for males and females in the third era
(1989-present). Separate catchability coefficients (qs,e) were estimated for males and females in all eras.

ds,
Ssurv,s,l,ew: —log(19§ ed;l_s\r)oysyﬂ ) (17)

1 + ew $95,5,e —550,s,e

Survey selectivity was informed by experimental surveys during the years 2009 and 2010. A portion of the
NMFS summer survey tows were accompanied by an industry vessel using nephrops trawls with an assumed
selectivity of 1 for all size classes. To represent the proportion of the population covered by the experiment,
a vector was freely estimated for males, Sglzeew(subject to a scaling parameter), and a logistic curve was
estimated for females.

Iindpv ) jf s = female
—log(19) ——L—°50.5.y
Sind,s,l,yw: 1+ep $95,5,y ~550,5,y (18)
Qind,s,y :L):reew if s = male

Based on this logic, after identifying the fraction of the crab at length covered by the experimental surveys,
the length frequencies of the NMFS data collected simultaneously with the experimental trawls can be
calculated by multiplying the numbers at length ‘available’ to the experimental trawls by the overall survey
selectivity, Ssyurv,s,1,y- The predicted numbers at length for the NMFS and industry data from the selectivity
experiment were calculated by multiplying the respective selectivities by the survey numbers at length.

S fbys, L= Sind,s Ly surv,s,ly (19)

Mature male and female biomass (MMB and FMB, respectively) were fitted in the objective function and
were the product of mature numbers at length during year y and the weight at length, w, ;:

MMBy'l/J: Z wmale,lilivmale,v,mat,y,lw (20)
Ly

FMBy't/): Z wfem,leem,v,mat,y,lw (21)
L,y

w‘s‘,h/,v:O‘wt,sLlﬁlzjt’S (22)

Mature biomass can be calculated for different time through out the year, in which case the numbers at
length are decremented by the estimated natural mortality. Parameters a: syand Byt sqpwere estimated
outside of the assessment model and specified in the control file.

Molting and growth occur before the survey. Immature crab were assumed to molt every year with an
estimated probability of molting to maturity based on length I (in all the scenarios presented here, the
probability of molting was 1 for all immature animals). For crab that do molt, the growth increment
within the size-transition matrix, X, ;;, was based on a piece-wise linear relationship between predicted
pre- and post-molt length, (f)gj}fpd¢and ﬁgofj? respectively) and the variability around that relationship was
characterized by a discretized and renormalized gamma function, Y, ;.

Yo

X LW == 23
T Y Yaaw (23)
L —(L;—2.5)
}/S,l,l' = (Al,l’) Bs (24)
LY = asot BeaLuy (25)
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iiiﬁ’2 = ot 05(Bs1 — Bs2) + Bs,2Liy (26)

. N L6 A Ly 0
Lpostz/): Lpost,l 1_ & Wy~ Oa,x Lpost,2 ® Wy~ Oa,x 97
8,1 crp ( (7stgr1/) Y + cp ( (7stgrw ) (27)
Al,l/ = El! —|— 25 —_ Llw (28)

fjg(’lzl and IZ?‘;XQ were predicted post-molt lengths from each piece of the piece-wise relationship, and ®()
was a cumulative normal distribution in which d, zywas an estimated change point. The model in which
linear growth was estimated removed equations 26 and 27 from the model.

An average recruitment for the assessment period (1982-present) and yearly deviations around this average
were estimated within the assessment for models in which only a single vector of recruitment deviations was
estimated. The sex ratio of recruitment was assumed to be 50/50 male to female. Each year’s estimated
recruitment was allocated to length bins based on a discretized and renormalized gamma function with
parameters specified in the control file.

Recywj e(RecavgtRecicn y) (29)

(Al l)arec/ﬁrec e_Al,z//57~ec
Sp(Ay l/)amc/ﬁme(*Al,w/ﬁm)

Prog= (30)

For models in which separate vectors of recruitment deviations were estimated for males and females, a
separate average recruitment was also estimated (in log space). Each vector of deviations was also subject
to a smoothing penalty, but were not linked directly in any way (e.g. priors on the ratio of estimated male
to female average recruitment).

Three general types of likelihood components were used to fit to the available data. Multinomial likelihoods
were used for size composition data, log-normal likelihoods were used for indices of abundance data, and
normal likelihoods were used for catch data, growth data, priors, and penalties. Multinomial likelihoods
were implemented in the form:

Lay= Aag)  NeFID " poetiin(pe .1 /0375 (31)
y I

L, was the likelihood associated with data component x, where A, represented an optional additional weight-
ing factor for the likelihood, N;,fyf;ﬁwas the effective sample sizes for the likelihood, p;’j;?l’wwas the observed
proportion in size bin [ during year y for data component z, and p,  ;ywas the predicted proportion in size

bin [ during year y for data component z.

Log normal likelihoods were implemented in the form:

(ln(fw7y7)) — In(Iy4))°
L= Ao .
- wzy;p 2(In(CV2, 5 1))

(32)

L ywas the contribution to the objective function of data component z, A\ ywas any additional weighting
applied to the component, fxyywwas the predicted value of quantity I from data component z during year v,
I, was the observed value of quantity / from data component z during year y and CV, , was the coefficient
of variation for data component z during year y.

Normal likelihoods were implemented in the form:

L= /\le(fLyw_ Iw,ylf (33)
yp
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L .was the contribution to the objective function of data component z, A, was represents the weight applied
to the data component (and can be translated to a standard deviation), IALywwas the predicted value of
quantity / from data component z during year y, I,, was the observed value of quantity / from data
component x during year .

Smoothing penalties were also placed on some estimated vectors of parameters in the form of normal likeli-
hoods on the second differences of the vector.

Appendix B: GMACS basic population dynamics

The basic dynamics of GMACS account for growth, mortality, maturity state, and shell condition (although
most of the equations omit these indices for simplicity):

Npji= (T —=Ppji—1) + Xpjic1Prji—1) Snji—1 Nnji—1 + éhjiw (34)

where Np,j5is the number of animals by size-class of sex hiat the start of season jyof year 7, Ppj;,ds a matrix
with diagonals given by vector of molting probabilities for animals of sex h at the start of season jyof year 1,
Shnjiyis a matrix with diagonals given by the vector of probabilities of surviving for animals of sex hyluring
time-step jyof year itfwhich may be of zero duration):

Shjitg= expf—Znjir) (35)
Znji
Shjing= 1 — =221 — expl—Znja)) (36)
hjila

X jids the size-transition matrix (probability of growing from one size-class to each of the other size-classes
or remaining in the same size class) for animals of sex hyluring season jyof year i, th“/js the recruitment
(by size-class) to gear gwluring season j of year igfwhich will be zero except for one season — the recruitment
season), Zpjiis the total mortality for animals of sex hin size- class lyduring season jyof year i, and Zhjzw
is the probability of encountering the gear for animals of sex hin size-class lyduring season jyof year 1.
Equation 34 applies when mortality is continuous across a time-step and equation 35 applies when a time-
step is instantaneous. Equation 33 can be modified to track old and new shell crab (under the assumption
that both old and new shell crab molt), i.e.:

Nﬁbjeffpw: Xhji—1Phji—1Snji—1 (N;Zﬂeﬁﬁ + Nﬁ;?fl) + éh]‘iw (37)
NP= (T = Prjio1) Snji-1Purji—1 (N5 + NE2y) (38)

Equation 33 can be also be modified to track mature and immature shell crab (under the assumption that
immature crab always molt and mature crab never molt and P} j;ynow represents the probability of molting
to maturity), i.e.:

NY= X pji—1Snji—1Prjict N + Snjimt N NET= X ji 1S hji—1 (T — Prji—1 )N + Shjz’—lj(v}?;';ilidi
39

There are several ways to specify the initial conditions for the model (i.e., the numbers-at- size at the start
of the first year, i1).

e An equilibrium size-structure based on constant recruitment and either no fishing for any of the fleets

or (estimated or fixed) fishing mortality by fleet. The average recruitment is an estimated parameter
of the model.
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e An individual parameter for each size- class, i.e.: Np;,1 = exp(Sniy1)

e An overall total recruitment multiplied by offsets for each size-class, i.e.:

Rinitexp(Oniyi)

> hr 2y €xP(Oniyrr)

Recruitment occurs once during each year. Recruitment by sex and size-class is the product of total recruit-
ment, the split of the total recruitment to sex and the assignment of sex-specific recruitment to size-classes,
ie.:

Npiy1 =

(40)

N B (1 + egi)_lphlw if h = males ( )
Rpjit= Re® 41
0;(1 + e%)*ppyy if h = females

where Riis median recruitment, 0;ydetermines the sex ratio of recruitment during year ¢, and ppyis the
proportion of the recruitment (by sex) that recruits to size-class l:

h h
—1/pp, (@"/B")—1
Lpign le=!/fn

) Br
Phily= . —F(ah/ﬂh) dly (42)

where ap.and Bp.are the parameters that define a gamma function for the distribution of recruits to size-class
. Equation 41 can be restricted to a subset of size-classes, in which case the results from Equation 41 are
normalized to sum to 1 over the selected size-classes.

Total mortality is the sum of fishing mortality and natural mortality, i.e.:

Znigi= Pig Muibligt Y SpnigtNsnigiot higi(1 = Agnigt)) Fpnigiy (43)
fi

where p;jyis the proportion of natural mortality that occurs during season jyfor year i, Mp;yis the rate of
natural mortality for year iyfor animals of sex hi{applies to animals for which MZF 1), leis the relative
natural mortality for size-class [, Synijiis the (capture) selectivity for animals of sex hin size- class lipy fleet
fyduring season jyof year ¢, Arpijiyis the probability of retention for animals of sex hiin size-class lyby fleet
fyduring season jyof year ¢, rnijiyis the mortality rate for discards of sex hin size-class liby fleet fyduring
season jyof year i, and F'rpijiyis the fully-selected fishing mortality for animals of sex hiby fleet fyduring
season jyof year i.

The probability of capture (occurs instantaneously) is given by:
Znigie= Y SprigtFpnige (44)
v

Note that Equation 43 is computed under the premise that fishing is instantaneous and hence that there is
no natural mortality during season jyof year ¢. The logarithms of the fully-selected fishing mortalities by
season are modelled as:

ln(thij) = ln(th) + thijwif h = males (45)

ln(thij) = lTL(th) + 9f¢-|- thijwif h = females (46)
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where F'yp,is the reference fully-selected fishing mortality rate for fleet f, 67yis the offset between female and
male fully-selected fishing mortality for fleet f, and €gp;jp0are the annual deviation of fully-selected fishing
mortality for fleet fi(by sex). Natural mortality can depend on time according to several functional forms:

e Natural mortality changes over time as a random walk, i.e.:

M, ifi=i
M= (47)
Mp;_q1eyri  otherwise

where My,;, is the rate of natural mortality for sex hufor the first year of the model, and j;yis the annual
change in natural mortality.

e Natural mortality changes over time as a spline function. This option follows Equation 46, except
that the number of knots at which ;s estimated is specified.

o Blocked changes. This option follows Equation 46, except that p;ychanges between ‘blocks’ of years,
during which ;s constant.

 Blocked natural mortality (individual parameters). This option estimates natural mortality as param-
eters by block, i.e.:

Mpi= ey (48)

where p;ychanges in blocks of years.

o Blocked offsets (relative to reference). This option captures the intent of the previous option, except
that the parameters are relative to natural mortality in the first year, i.e.:

M= Mp;, e (49)

It is possible to ‘mirror’ the values for the j;yparameters (between sexs and between blocks), which allows
male and female natural mortality to be the same, and for natural mortality to be the same for discontinuous
blocks (based on Equations 47 and 48). The deviations in natural mortality can also be penalized to avoid
unrealistic changes in natural mortality to fit ‘quirks’ in the data.

The model keeps track of (and can be fitted to) landings, discards, total catch by fleet, whose computation
depends on whether the fisheries in season t are continuous or instantaneous.

ArnijiSrnijiFrnij A . .
%;Mthijl(l — e~ Zriit)  if continuous

Cliijin= (50)

NeniitSeniit Frnis CZ N g
%;;MNMW(I — e~ Zriit) if instantaneous

1=Xsnij1)Ssniji Frnig Y SN .
( fh”gh f;”’l M Npiji(1—e Zniat) if continuous
2%

Chist= (51)

1=Xnijt)Seniji Frnig 7 s
( f}”’gh_f;”” LML N rpii(1—e Znigt) if instantaneous
ij
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StnijiFrnij T . .
%thiﬂ(l — e~ Znist) if continuous
Totd) _ higl
O . (52)
WNMW(I — e~ #riit)  if instantaneous
vid

Landings, discards, and total catches by fleet can be aggregated over sex (e.g., when fitting to removals
reported as sex-combined). Equations 49-51 are extended naturally for the case in which the population is
represented by shell condition and/or maturity status (given the assumption that fishing mortality, retention
and discard mortality depend on sex and time, but not on shell condition nor maturity status). Landings,
discards, and total catches by fleet can be reported in numbers (Equations 49-51) or in terms of weight. For
example, the landings, discards, and total catches by fleet, season, year, and sex for the total (over size-class)
removals are computed as:

Cliin= > Clitittoniy (53)
0
Chisid= Y Chititonity (54)
1
CJ? iff%w: Z OJ? f%ﬁ%hilw (55)
l
' (56)

where Cfﬁ;;i? Cﬁf%ﬁ}f and Cfff%lpare respectively the landings, discards, and total catches in weight by fleet,
season, year, and sex for the total (over size-class) removals, and wp,,is the weight of an animal of sex h in

size-class | during year i.

Many options exist related to selectivity (the probability of encountering the gear) and retention (the prob-
ability of being landed given being captured). The options for selectivity are:

o Individual parameters for each size-class (in log-space); normalized to a maximum of 1 over all size-
classes (if indicated).

o Individual parameters for a subset of the size-classes (in log-space). Selectivity must be specified for a
contiguous range of size-classes starting with the first size-class. Selectivity for any size-classes outside
of the specified range is set to that for last size-class for which selectivity is treated as estimable.

e Logistic selectivity. Two variants are available depending of the parametrization:

1

Sp= - (57)
1t cap(PgsSe))
1
Sp= (58)

1+ exp(i@l;fw))

where Ssq is the size corresponding to 50% selectivity, Sos is the size corresponding to 95% selectivity, o syis
the “standard deviation” of the selectivity curve, and L;yis the midpoint of size-class 1.

o All size-classes are equally selected.
e Selectivity is zero for all size-classes.
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It is possible to assume that selectivity for one fleet is the product of two of the selectivity patterns. This
option is used to model cases in which one survey is located within the footprint of another survey. The
options to model retention are the same as those for selectivity, except that it is possible to estimate an
asymptotic parameter, which allows discard of animals that would be “fully retained” according to the
standard options for (capture) selectivity. Selectivity and retention can be defined for blocks of contiguous
years. The blocks need not be the same for selectivity and retention, and can also differ between fleets and
Sexs.

Growth is a key component of any size-structured model. It is modelled in terms of molt probability and
the size-transition matrix (the probability of growing from each size-class to each of the other size-classes,
constrained to be zero for sizes less than the current size). Note that the size-transition matrix has entries
on its diagonal, which represent animals that molt but do not change size-classes

There are four options for modelling the probability of molting as a function of size:

o Pre-specified probability

o Individual parameters for each size-class (in log-space)
e Constant probability

e Logistic probability, i.e.:

1
1-— (1+exp( PS“))

P = (59)

where Psq is the size at which the probability of molting is 0.5 and opyis the “standard deviation” of the
molt probability function. Molt probability is specified by sex and can change in blocks.

The proportion of animals in size-class lighat grow to be in size-class I’ (X /) can either be pre-specified by
the user or determined using a parametric form:

e The size-increment is gamma-distributed:

Ly, I, 1 —(— L
B nigh ((] — Ll)/ﬁ) /8- 1)/ B
A= /L T(1,/B) aw (60

e The size after increment is gamma-distributed, i.e.:

Lnign (1/8 (Li+1)/B—=1,—(1/B)
X0 :/ (/8 ) ) (61)
L

low T((Ligt 1)/ B)

e The size-increment is normally-distributed, i.e.:

X /ngh e*(l*irlz)z/@ﬁ“)dw (62)
ZJI B Llow Vv 27T/éw

e There is individual variation in the growth parameters Lo, and ky{equivalent to the parameters of a
linear growth increment equation given the assumption of von Bertlanffy growth), i.e
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Lnigh pLnign e~ (In(boe)—Le)*/ (207 ) ei(ln(k)ilgf/(ggi)dL dkdly dl
.o / 63
1 /L /low / / L 15~ Llowl \/ﬂaim \/ﬂaik Lo rdly (63)

low

e There is individual variation in the growth parameter L.,

Lpigh fLhigh oo 1 e@(ln(Loo)fL@g)Q/(Zaioc)
Xy = / dLy,__ dlydl (64)
Liow JLiow Jo  Lhitw= Liow, V2ro? v
e There is individual variation in the growth parameters k:
Lpigh pLnign e (In(k)—k)*/(207)
Xy = / / / dkdly dl, (65)
Liow Liow Ly, Jyp— Llowl vV 271’0211; ¥

The size-transition matrix is specified by sex and can change in blocks.
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Table 5: Observed growth increment data by sex

Female premolt Female postmolt Male premolt Male postmolt length
length (mm) length (mm) length (mm) (mm)
20.7 27 57.63 68.6
25.2 32 20.6 28.9
28.7 37.1 25.6 31.4
28.2 36.22 25.9 31.1
25.9 32.7 20 26.3
26.9 34.4 25.2 32.8
26.4 31.8 21 27.8
29 36.7 20.3 26.4
23 31.2 21.9 28.4
21.6 277 20.7 27.7
24.2 30.9 20.1 28
20.8 27.3 19.8 26.5
20.3 26.2 26 32.2
22.2 29.7 62.3 81.8
21.4 28 56.5 70
19.3 25.2 57 70
26.9 34.5 58.7 72.5
25.7 32.5 60.8 78.4
19.8 26.9 59.3 75.1
27.4 35.1 64 84.7
20.4 26.4 60.3 75.1
25.5 34.6 20.7 29.2
34.9 44.8 24 32.3
18.6 25.2 16.1 23
28.2 35.8 19.2 26.6
22.8 29.6 21.23 26.41
26.5 33.9 22.2 28.1
25.5 32.9 23.48 28.27
24.2 314 29.9 39.9
24.4 30.7 30.3 40.3
22.3 294 30.7 40.5
20.8 27.3 44.2 58.7
22.8 30.2 44.7 57.3
26.2 32.6 64.7 82.7
29.4 36.7 67.6 86
20.2 24.9 67.9 85.3
27.5 34.8 74.5 93.9
20.4 26.7 79.9 97.8
25.4 31.7 89.8 110
28.1 34.5 89.9 112.1
28.7 36 89.9 112.3
29.5 38.4 93.8 117.6
30.9 38.4 20 26.3
26 33.1
29.1 38.4
19.37 24.24
20.7 274
21.25 28.73
21.94 28.71
23.09 29.26
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Female premolt Female postmolt Male premolt Male postmolt length
length (mm) length (mm) length (mm) (mm)

32.8 44.9
35.3 47.6
38.3 50.9
38.9 53

41 55.8
42.1 54.6
44.2 59.5
44.3 59.3
44.8 59.7
45.2 59.6
46.9 60.4
47 61.4
479 61.4
20.6 25.1
20.8 27.6
22 28.2
22.9 28.6
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Table 6: Observed retained catches, discarded catch, and bycatch.
Discards and bycatch have assumed mortalities applied.

Retained catch Discarded Discarded males Trawl
Survey year (kt) females (kt) (kt) bycatch (kt)

1982 11.85 0.02 1.33 0.37
1983 12.16 0.01 1.3 0.47
1984 29.94 0.01 2.89 0.5
1985 44.45 0.01 4.21 0.43
1986 46.22 0.02 4.45 0
1987 61.4 0.03 5.79 0
1988 67.79 0.04 6.1 0
1989 73.4 0.05 7.01 0.1
1990 149.1 0.05 15.95 0.71
1991 143 0.06 12.58 1.5
1992 104.7 0.12 17.06 2.28
1993 67.94 0.08 5.32 1.57
1994 34.13 0.06 4.03 2.67
1995 29.81 0.02 5.75 1.01
1996 54.22 0.07 7.44 0.66
1997 114.4 0.01 5.73 0.82
1998 88.09 0.01 4.67 0.54
1999 15.1 0 0.52 0.47
2000 11.46 0 0.62 0.41
2001 14.8 0 1.89 0.31
2002 12.84 0 1.47 0.17
2003 10.86 0 0.57 0.46
2004 11.29 0 0.51 0.63
2005 16.77 0 1.36 0.2
2006 16.49 0 1.78 0.42
2007 28.59 0.01 2.53 0.18
2008 26.56 0.01 2.06 0.18
2009 21.78 0.01 1.23 0.47
2010 24.61 0.01 0.62 0.14
2011 40.29 0.18 1.69 0.15
2012 30.05 0.03 2.32 0.22
2013 24.49 0.07 3.27 0.11
2014 30.82 0.17 3.52 0.13
2015 18.42 0.07 2.96 0.13
2016 9.67 0.02 1.31 0.06
2017 8.6 0.02 1.93 0.04
2018 12.51 0.02 2.86 0.23
2019 15.43 0.02 5.07 0.24
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Table 7: Observed mature male and female biomass (1000 t) at the
time of the survey and coefficients of variation.

Female Mature Males Males
Survey mature Female male >101mm >101mm

year biomass Ccv biomass Male CV (kt) (million)
1982 144.4 0.15 176.8 0.14 33.34 60.91
1983 90.13 0.2 161.6 0.13 38.09 70.09
1984 42.32 0.19 177.7 0.12 88.73 151.8
1985 6.12 0.2 71.84 0.11 43.39 72.84
1986 15.74 0.18 89.81 0.11 46.7 77.91
1987 122.6 0.16 194.6 0.11 74.44 128.6
1988 169.9 0.17 259.4 0.15 104.7 173.1
1989 264.2 0.25 299.2 0.11 92.31 158.9
1990 182.9 0.19 443.8 0.14 224.7 386.4
1991 214.9 0.19 466.6 0.15 292.2 452.9
1992 131.4 0.18 235.5 0.09 143.9 227.3
1993 132.1 0.16 183.9 0.1 78.11 126.7
1994 126.2 0.15 171.3 0.08 44.78 72.57
1995 168.7 0.14 220.5 0.13 37.75 65.18
1996 107.3 0.14 288.4 0.12 87.57 155.2
1997 103.8 0.2 326.8 0.1 168.7 280.6
1998 72.73 0.25 206.4 0.09 126.7 209.7
1999 30.89 0.21 95.85 0.09 52.53 85.2
2000 96.46 0.52 96.39 0.14 41.88 69.83
2001 77.24 0.28 136.5 0.12 41.51 70.69
2002 30.22 0.28 93.17 0.23 36.56 64.16
2003 41.71 0.31 79.07 0.12 32.57 55.61
2004 50.16 0.26 79.57 0.14 35.99 57.42
2005 64.85 0.17 123.5 0.11 40.67 63.26
2006 51.93 0.17 139.3 0.26 71.13 120.9
2007 55.89 0.22 153.1 0.15 73.62 127.5
2008 57.15 0.19 142 0.1 66.56 113.6
2009 52.16 0.21 148.2 0.13 78.92 129.9
2010 98.01 0.17 162.8 0.12 88.35 138.3
2011 175.8 0.18 167.1 0.11 94.67 147.6
2012 149.4 0.2 122.2 0.12 53.17 85.35
2013 1314 0.17 97.46 0.12 42.93 71.79
2014 119.7 0.19 163.5 0.16 81.39 138.8
2015 85.13 0.17 80.04 0.12 35.77 56.11
2016 55.39 0.21 63.21 0.11 21.96 36.51
2017 106.8 0.21 83.96 0.13 20.52 35.02
2018 165.9 0.18 198.4 0.17 26.75 48.08
2019 110.4 0.2 169.1 0.17 28.12 51.27
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Table 8: Changes in management quantities for each scenario con-
sidered. Reported management quantities are derived from maxi-
mum likelihood estimates. Reported natural mortality is for ma-
ture males and average recruitment is for males.

Model MMB B35 F35 FOFL OFL M avg_rec
19.1 109.56 123.71 1.80 1.80  54.05 0.30 113.68
20.1 144.29 120.51 1.60 1.60 9540 0.30 109.55
20.2 207.19 113.66 1.65 1.65 18491 0.36 169.96
20.3 517.13 183.95 2.61 2.61 448.38 0.36 265.31
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Table 9: Maximum likelihood estimates of predicted mature male
(MMB), mature female (FMB), and males >101mm biomass (1000
t) and numbers (in millions) at the time of the survey from the cho-
sen model. Columns 2-5 are subject to survey selectivity; columns
6-9 are the population values (i.e. the numbers at length are not
modified by multiplying them by a selectivity curve-they are esti-
mates of the underlying population).

Male Male
Survey >101 Male >101 >101 Male >101
year FMB MMB biomass (millions) FMB MMB biomass (millions)
1982 87.91 118.2 38.25 62.01 434.7 292.2 92.14 149.4
1983 74.56 117 40.31 62.84 364.3 288.8 97.11 151.4
1984 54.86 117.1 48.08 77.5 268.2 289 115.8 186.7
1985 41.28 112.9 48.5 79 201.9 279.9 116.8 190.3
1986 34.9 107.3 42.46 69.87 171.2 267.6 102.3 168.3
1987 115 115.5 41.65 70.27 572.9 289.4 100.3 169.3
1988 193 141.6 55.06 92.64 956.3 354.4 132.7 223.2
1989 4114 362 141.7 237.4 904.1 4174 162.6 272.4
1990 314.9 427.6 193 323.9 690.5 492.6 221.5 371.6
1991 2324 385.3 177.1 295.1 509.5 443.6 203.3 338.6
1992 193.8 293.6 123.8 205.8 426.2 338.2 142.1 236.1
1993 196.1 210.5 73.82 123.2 432.5 242.9 84.71 141.4
1994 203 183.1 48.47 80.4 447.4 211.8 55.62 92.27
1995 214.2 210.1 53.54 91.63 472.5 242.8 61.44 105.2
1996 201.2 284.7 109.7 186.7 442.8 328.1 125.8 214.2
1997 1574 327.7 164.3 273.3 345.3 377.1 188.5 313.6
1998 114 257 132.2 216.8 249.9 295.6 151.8 248.8
1999 87.56 154.9 67.71 110.5 192.3 178.4 7.7 126.8
2000 93.06 118.1 48.33 78.31 205.5 136.1 55.46 89.87
2001 99.2 95.25 32.38 53.26 218.8 109.8 37.15 61.12
2002 83.99 90.71 31.2 53.33 184.5 104.5 35.81 61.2
2003 62.53 100.1 45.57 75.87 137.1 115.3 52.3 87.07
2004 45.3 99.28 46.93 76.48 99.33 114.5 53.86 87.77
2005 89.17 97.93 39.51 64.74 198.4 113.1 45.35 74.29
2006 126.7 111.8 39.98 67.52 280.3 129.2 45.88 77.48
2007 109.7 146.8 60.95 102.4 240.9 169.2 69.95 117.5
2008 80.49 169.7 78.07 130.2 176.5 1954 89.59 149.4
2009 61.18 182.1 94.81 156.7 134.3 209.6 108.8 179.8
2010 158.6 174.2 98.11 159.9 353.5 200.4 112.6 183.6
2011 247 144.5 78.12 126.4 546.7 166.4 89.65 145.1
2012 229.2 102.5 42.39 70.3 503.9 118.1 48.65 80.68
2013 189.2 89.51 34.35 58.49 415.8 103.1 39.42 67.12
2014 151.5 82.62 35.74 59.73 332.8 95.16 41.02 68.54
2015 113 58.02 21.27 35.36 247.9 66.89 24.41 40.58
2016 91.54 44.36 12.44 20.85 201.2 51.28 14.27 23.93
2017 124.1 61.66 12.1 20.41 275 72.04 13.89 23.42
2018 184.8 127.4 15.49 26.47 409.2 148.8 17.78 30.37
2019 196.4 251.9 44.67 79.07 432.9 291.6 51.27 90.74
2020 160.7 486.5 204.5 352.3 352.8 560.2 234.7 404.3
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Table 10: Maximum likelihood estimates of predicted mature male
biomass at mating, male recruitment (millions) from the chosen
model, and estimated fully-selected total fishing mortaltiy.

Mature male Fishing
Survey year biomass Male recruits mortality
1982 218.9 4.4 0.19
1983 212.2 1.75 0.19
1984 193.9 3.82 0.45
1985 171.2 6.49 0.72
1986 161.9 0.95 0.86
1987 170.5 3.08 1.13
1988 210.7 0.3 0.97
1989 253.4 0.64 0.83
1990 235.7 2.47 1.64
1991 203.8 5.12 1.79
1992 147.7 2.5 2.44
1993 127.9 0.39 1.82
1994 127.8 0.1 1.39
1995 155.3 0.14 1.02
1996 198.8 0.15 0.85
1997 193.5 1.76 1.14
1998 144.6 0.22 1.24
1999 124.5 0.36 0.29
2000 93.13 0.3 0.35
2001 67.75 1.63 0.87
2002 68.09 1.45 0.64
2003 79.21 1.8 0.32
2004 77.46 1.54 0.34
2005 70.01 0.4 0.72
2006 83.24 0.17 0.66
2007 102.8 0.63 0.77
2008 125.3 1.37 0.51
2009 141.5 0.23 0.32
2010 134.8 0.4 0.31
2011 89.63 0.15 0.87
2012 61.98 0.45 1.36
2013 54.34 0.35 1.52
2014 41.65 2.07 2.33
2015 31.32 15.73 2.64
2016 29.79 0.78 1.75
2017 48.04 0.18 1.79
2018 101.1 0.14 1.69
2019 207.2 0.18 0.54
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Table 11: Maximum likelihood estimates of predicted total num-
bers (billions), not subject to survey selectivity at the time of the

survey.
Total Total Total
Survey year females males numbers
1982 6.053 3.591 9.643
1983 4.885 6.881 11.77
1984 3.73 6.52 10.25
1985 4.485 8.305 12.79
1986 38.71 12.19 50.89
1987 34.08 9.346 43.42
1988 24.35 9.477 33.83
1989 17.74 6.774 24.52
1990 13.27 5.223 18.49
1991 13.87 5.839 19.71
1992 15.62 8.929 24.55
1993 15.08 8.492 23.57
1994 17.29 6.18 23.47
1995 12.55 4.332 16.89
1996 8.911 3.087 12
1997 6.368 2.192 8.561
1998 5.673 3.118 8.791
1999 8.511 2.256 10.77
2000 6.872 1.908 8.78
2001 4.933 1.604 6.537
2002 3.521 2.718 6.24
2003 2.577 3.321 5.898
2004 12.4 4.087 16.48
2005 8.906 4.366 13.27
2006 6.322 3.402 9.724
2007 4.522 2.509 7.031
2008 3.878 2.327 6.204
2009 23.54 2.949 26.49
2010 18.55 2.245 20.8
2011 14.16 1.933 16.09
2012 12.46 1.435 13.89
2013 8.896 1.397 10.29
2014 6.416 1.274 7.69
2015 6.442 2.895 9.337
2016 13.5 17.7 31.2
2017 17.12 13.06 30.18
2018 12.91 9.232 22.14
2019 9.39 6.527 15.92
2020 6.892 4.681 11.57
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Table 12: Differences between GMACS and the status quo model.

Process

GMACS

Status quo

Recruitment

Fishing mortality

Growth
BSFRF

Natural mortality

Yearly recruitment estimate +
parameter to divide recruitment
between sexes
Total mortality and female discards
treated consistently (see May CPT
document)

Linear growth for both males and
females
Freely estimated availability curves
for all sex/year combinations
Estimated M for mature males,
mature females, immature males,
immature females (n=4)

Separate estimated recruitment
deviations and average recruitment
for both sexes
Total mortality and female discards
treated inconsistently (see May CPT
document)

Linear growth for males; kinked
growth for females
Logistic availability curves for some
sex/year combinations
Estimated M for mature males,
mature females, immature males and
females (n=3)
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Figure 1: Observed relative density of all males at the time of the 2019 NMFS summer survey
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Figure 2: Observed relative density of all females at the time of the 2019 NMFS summer survey
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Figure 3: Observed relative density of males >77mm carapace width at the time of the 2019 NMFS summer
survey
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Figure 4: Observed relative density of males >101mm carapace width at the time of the 2019 NMFS summer
survey
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Figure 5: Observed relative density of mature females at the time of the 2019 NMFS summer survey
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Figure 6: Radiometric estimates of shell age in male snow and tanner crabs collected during the NMFS
survey of 1992. Reproduced from Ernst et al. 2005’s presentation of Nevissi et al. 1995.
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Figure 7: Murphy et al’s (2018) estimates of natural mortality (and time-variation in M) from a state-space
modeling framework.
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Figure 8: Observed numbers at length of old shell mature males by size class. The presented size bins are
not vulnerable to the fishery, so all mortality is 'natural’. The decline in numbers in a size class after the
recruitment collapse in the early 1990s demonstrates expected natural mortality for mature male individuafR?
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Figure 9: Bycatches in other fishing fleets.
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Figure 10: Change in trawl data.
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Figure 11: Observed size composition of mature males from th NMFS summer survey.
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Figure 12: Observed size composition of immature males from th NMFS summer survey.
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Figure 13: Centroid of mature females observed in the survey over time. Dark blue indicates years early in
the time series; green are the most recent years in the time series.
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Figure 14: Centroid of large males observed in the survey over time. Dark blue indicates years early in the
time series; green are the most recent years in the time series.
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Figure 15: Location of BSFRF survey selectivity experiments.
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Figure 16: Raw female numbers from BSFRF survey selectivity experiments (2009 & 2010). Note a change
in scale on the y-axis from 2009 to 2010
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Figure 17: Raw male numbers from BSFRF survey selectivity experiments (2009 & 2010). Note a change in
scale from 2009 to 2010 on the y-axis.
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Figure 18: Observed numbers at length extrapolated from length composition data and estimates of total
numbers within the survey selectivity experimental areas by year (left). Inferred selectivity (i.e. the ratio of
crab at length in the NMFS gear to crab at length in the BSFRF gear.
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Figure 19: Inferred selectivity for all available years of BSFRF data.

Figure 20: Number of crab from which estimates of biomass and length composition data were inferred
within the survey selectivity experimental area.
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Figure 21: Mean absolute relative error by data type (row) and model (column). A MARE of zero is perfect
prediction. Dark colors indicate poorer fits .
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Figure 22: Mean absolute error by data type (row) and model (column). A MAE of zero is perfect prediction.
Dark colors indicate poorer fits .
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Figure 23: Retrospective analysis of mature male biomass (MMB) for the author’s preferred model. Top
model represents retrospective analysis including the terminal year of survey data; bottom represents analysis
excluding terminal year of survey data

64



700 —

600

500

400

300

200

100

400

300

200

100

C1 Snow Crab SAFE
OCTOBER 2020

Males — 19.1

Females

Figure 24: Model fits to the observed mature biomass at survey
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Figure 30: Model fits to size composition data from summer survey experiments (2009 & 2010)
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Figure 31: Model fits to immature male survey size composition data. Note that male and female survey
selectivity proportions at length in a given year sum to 1. Consequently, the integral of predicted length
compositions may appear to be different than the integral of the observed length composition data.
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Figure 32: Model fits to immature female survey size composition data. Note that male and female survey
selectivity proportions at length in a given year sum to 1. Consequently, the integral of predicted length
compositions may appear to be different than the integral of the observed length composition data.
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Figure 33: Model fits to mature male survey size composition data. Note that male and female survey
selectivity proportions at length in a given year sum to 1. Consequently, the integral of predicted length
compositions may appear to be different than the integral of the observed length composition data.
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Figure 34: Model fits to mature female survey size composition data. Note that male and female survey
selectivity proportions at length in a given year sum to 1. Consequently, the integral of predicted length
compositions may appear to be different than the integral of the observed length composition data.
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Figure 35: Residual bubble plot of the fits to the NMFS mature male for the authors chosen model. Open
circles represent positive residuals; close circles represent negative residuals.
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Figure 36: Residual bubble plot of the fits to the NMFS mature female for the authors chosen model. Open
circles represent positive residuals; close circles represent negative residuals.
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Figure 42: Model predicted fishing mortalities and selectivities for all sources of mortality
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Figure 43: Estimated recruitment and proportions recruiting to length bin.
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Figure 44: Estimated recruitment from model runs in which the recruitment penalty in GMACS was varied.
The size of the penalty is equal to the final number following the last underscore.
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Figure 45: Estimated MMB from model runs in which the recruitment penalty in GMACS was varied. The
size of the penalty is equal to the final number following the last underscore.
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Figure 46: Management quantities from models in which the recruitment penalty as varied for the author
preferred model.
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Figure 47: Estimated natural mortality by sex and maturity state.
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Figure 48: Retrospective analysis of the terminal year of mature male biomass (MMB) for the author’s
preferred model.

Figure 49: Retrospective analysis of the overfishing level (OFL) for the author’s preferred model.
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Figure 50: Retrospective analysis of catchability and natural mortality for the author’s preferred model.

Figure 51:  Projection to 2025 of the author’s preferred model under harvest at F35 and the average
estimated fishing mortality over the terminal 5 years of the fishery.
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BRISTOL BAY RED KING CRAB STOCK ASSESSMENT IN FALL 2020

J. Zheng and M.S.M. Siddeek
Alaska Department of Fish and Game
Division of Commercial Fisheries
P.O. Box 115526
Juneau, AK 99811-5526, USA
Phone: (907) 465-6102
Fax: (907) 465-2604
Email: jie.zheng@alaska.gov

Executive Summary

1. Stock: Red king crab (RKC), Paralithodes camtschaticus, in Bristol Bay, Alaska.

2. Catches: The domestic RKC fishery began to expand in the late 1960s and peaked in 1980
with a catch of 129.95 million Ib (58,943 t). The catch declined dramatically in the early 1980s
and remained at low levels during the last three decades. After rationalization, catches were
relatively high before the 2010/11 season and have been on a declining trend since 2014. The
retained catch in 2019/20 was approximately 3.9 million 1b (1,775 t), compared to 4.5
million Ib (2,027 t) in 2018/19, following a reduction in total allowable catch (TAC). The
magnitude of bycatch from groundfish trawl and fixed gear fisheries has been stable and
small relative to stock abundance during the last 10 years.

3. Stock biomass: Estimated mature biomass increased dramatically in the mid-1970s and
decreased precipitously in the early 1980s. Estimated mature crab abundance had increased
during 1985-2009 with mature females being about three times more abundant in 2009 than
in 1985 and mature males being about two times more abundant in 2009 than in 1985.
Estimated mature abundance has steadily declined since 2009.

4. Recruitment: Estimated recruitment was high during the 1970s and early 1980s and has
generally been low since 1985 (1979-year class). During 1984-2019, estimated recruitment
was above the historical average (1976-2019 reference years) only in 1984, 1986, 1995,
1999, 2002 and 2005. Estimated recruitment was extremely low during the last 12 years.
Estimated recruitment for 2020 is not reliable due to the lack of trawl survey data.

5. Management performance:

Status and catch specifications (1,000 t) (model 19.3):



C1 BBRKC SAFE

OCTOBER 2020

MSST Biomass Retained Total
Year (MMB) TAC Catch Catch OFL ABC
2016/17 12.534 25814 3.84 3.92 4.37 6.64 5.97
2017/18 12.748  24.86B 2.99 3.09 3.60 5.60 5.04
2018/19 10.62¢  16.92€ 1.95 2.03 2.65 5.34 4.27
2019/20 12.72P 14.24P 1.72 1.78 2.22 3.40 2.72
2020/21 14.93P 2.14 1.61

The stock was above MSST in 2019/20 and hence was not overfished. Since total catch
was below OFL, overfishing did not occur. The relatively low MSST in 2018/19 and Bumsy
in 2019/20 below was caused by a problem of the previous GMACS version using the only
sex ratio of recruitment in the terminal year for Bsse; computation in 2019. The lower
estimated male recruitment ratio in the terminal year in 2019 resulted in a lower mean male
recruitment for Bsse; computation. The current version of GMACS uses average of sex ratios
of recruitment during the reference period to estimate Bsso;, which results in a much more
stable sex ratio (about 50%) for the reference point calculation.

Status and catch specifications (million Ib):

MSST Biomass Retained Total
Year mve) TAC Careh Cateh OFL ABC
2016/17  27.6*  56.9* 8.47 8.65 9.63  14.63 13.17
2017/18 28.18 54.88 6.60 6.82 7.93 12.35 11.11
2018/19 23.4€ 37.3¢ 431 431 5.85 11.76 9.41
2019720 28.0P 31.4P 3.80 3.91 4.89 7.50 6.00
2020/21 32.9P 4.72 3.54
Notes:
A — Calculated from the assessment reviewed by the Crab Plan Team in September 2017
B — Calculated from the assessment reviewed by the Crab Plan Team in September 2018
C — Calculated from the assessment reviewed by the Crab Plan Team in September 2019
D — Calculated from the assessment reviewed by the Crab Plan Team in September 2020
6. Basis for the OFL: Values in 1,000 t (model 19.3):
Bmsy Current  B/Bwmsy Yearsto  Natural
Year Tier MMB (MMB) ForL define Mortality
Bmsy
2016/17 3b 25.8 24.0 0.93 0.27 1984-2016 0.18
2017/18 3b 25.1 21.3 0.85 0.24 1984-2017 0.18
2018/19 3b 25.5 20.8 0.82 0.25 1984-2017 0.18
2019/20 3b 21.2 16.0 0.75 0.22 1984-2018 0.18
2020/21 3b 254 14.9 0.59 0.16 1984-2019 0.18

Basis for the OFL: Values in million 1b:
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Bwmsy Current B/Bmsy Years to Natural

Year Tier MMB (MMB) ForL define Mortality
Bwmsy

2016/17 3b 56.8 52.9 0.93 0.27 1984-2016 0.18
2017/18 3b 55.2 47.0 0.85 0.24 1984-2017 0.18
2018/19 3b 56.2 45.9 0.82 0.25 1984-2017 0.18
2019/20 3b 46.8 35.2 0.75 0.22 1984-2018 0.18
2020/21 3b 56.1 32.9 0.59 0.16 1984-2019 0.18

A. Summary of Major Changes

1. Changes to management of the fishery: None.

2. Changes to the input data:

a. No trawl survey was conducted in 2020.

b. Updated directed pot fishery catch and bycatch data through 2019 (i.e., completed 2019/20

fishery).

c. Updated groundfish fisheries bycatch data during 2014-2019.

3. Changes to the assessment methodology:

a. Uncertainty of estimated management qualities without trawl survey data in 2020 is examined
(Appendix D).

b. The analyses of terminal years of recruitment is updated.

c. Seven models are compared in this report (See Section E.3.a for details):

19.0a: the model 19.0 in September 2019 except with mean recruitment sex ratio during the
reference period to estimate Bsso,. This model replaces the previous GMACS version that had

the sex ratio only in the terminal year to estimate B3so;.

19.0b: the same as model 19.0a except for fixing the recruitment in the terminal year to be the

mean recruitment during the seven years prior to the terminal year.

19.3: the same as model 19.0a except for a constant M being estimated for males during 1980-
1984, a constant M of 0.18 for males during the other years, and an estimated constant
multiplier being used to multiply male M for female M. That is, M for females is relative to M

for males each year.

19.3a: the same as model 19.3 except for fixing the recruitment in the terminal year to be the

mean recruitment during the seven years prior to the terminal year.

19.3b: the same as model 19.3 except for doubling the CV of the prior for trawl survey
catchability.

19.3l: the same as model 19.3 except for adding a low trawl survey biomass for 2020 (at 25
percentile) (Appendix D).
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19.3h: the same as model 19.3 except for adding a high trawl survey biomass for 2020 (at 75
percentile) (Appendix D).

4. Changes to assessment results:

The population biomass estimates in 2020 are slightly higher than those in 2019. Among the seven
models, model estimated relative NMFS survey biomasses and mature biomasses are similar,
especially for models 19.0a and 19.0b, and for models 19.3 and 19.3a. Biomass estimates for model
19.0a and 19.0b are higher during recent years than the other five model scenarios. As expected,
model 19.3b estimates a higher trawl survey catchability (>1.0), thus resulting in overall lower
absolute biomass estimates. Differences of biomass estimates between models 19.0a and 19.0b
and models 19.3, 19.3a, 19.31 and 19.3h can largely be explained by different structures of M. All
seven models fit the catch and bycatch biomasses extremely well. Among the seven models,
models 19.0b and 19.3a are respectively models 19.0a and 19.3 with a reasonable terminal year
recruitment estimate for potential forward projections. Model 19.3b is just a sensitivity run for a
trawl survey catchability prior, and models 19.31 and 19.3h are used for examining the uncertainty
without the trawl survey in 2020. Model 19.3 is the preferred model by the CPT in May 2020 and
fits the data better with one less parameter than model 19.0a, thus being our preferred model for
overfishing definition determination. The CPT adopted GMACS for overfishing definition
determination for September 2019.

Like the results of model 19.0 in September 2019, the terminal year recruitment analysis with
model 19.3 also suggests the estimated recruitment in the last year should not be used for
estimating B3s;.

B. Responses to SSC and CPT Comments

1. Responses to the most recent two sets of SSC and CPT comments on assessments in
general:

Response to SSC Comments (from October 2019):

“The SSC reminds authors to use the model numbering protocols that allows the SSC to
understand the year in which a particular version of the model was first introduced. Also, when
reporting bycatch in tables in each SAFE chapter, the SSC requests authors to be clear whether
they report bycatch or bycatch mortality (DMRs have been applied). Further, when reporting
bycatch mortality, it would be helpful to report the DMR values used.”

Response: We have followed these recommendations.

“The SSC requests that the CPT consider developing a standard approach for projecting the
upcoming year’s biomass that does not include removing the entire OFL for stocks where recent
mortality has been substantially below the OFL. This may appreciably change the projected
biomass levels for stocks such as Tanner crab, where actual catch mortality has been less than
10% of the OFL.”
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Response: Agree to this request and will follow the standard approach developed by the CPT.

2. Responses to the most recent two sets of SSC and CPT comments specific to this
assessment:

Response to CPT Comments (from May 2020):

“Given the above discussion, the CPT selected model 19.3 as the priority model (in addition to the
status quo model, 19.0a) for presentation in September, understanding that time schedules for
producing data used in the assessment may be compressed as a result of the global pandemic.
Model 19.3 estimated male natural mortality in an early block (1980-1984) and then specified M
as 0.18 thereafter. Female natural mortality was estimated as an offset from males in both periods.
Survey selectivity was estimated separately for sexes, but a single catchability was estimated (still
with a strong prior). If time allows, a model building from 19.3 in which the prior on catchability
is relaxed and estimated separately by sex (and revisited in light of the catchability implied by the
BSFRF data) would be useful for comparison.”

Response: We used model 19.3b to examine the sensitivity of trawl survey catchability estimate
when the CV of the prior on catchability was doubled. The resulting catchability estimate was
greater than 1.0. Different catchabilities for males and females in the NMFS survey were examined
in model 19.5 in May 2020.

“Produce the empirical survey selectivity diagnostics that were produced for Tanner crab at this
meeting, but for BBRKC. Specifically, display the ratio of NMFS to BSFRF (rather than
NMFS/(NMFS+BSFRF)) numbers at size to provide a direct comparison to estimated survey
selectivity.”

Response: Ratios of NMFS to BSFRF numbers at size are plotted in Figure 7 (a, b, and c). Note
that the ratios are from combined all haul data due to small amount of crab caught. The abundance-
weighted average ratio is 0.891 for crab >135 mm carapace length from all four years (2013-2016)
of data, about the same as the double-bag experiment (0.896 at 162.5 mm carapace length),
although the ratios changed greatly from year to year.

“Describe how the sex ratios for OFL calculations were averaged. It is the same as the
recruitments, but was difficult to confirm in the document.”

Response: We added text to explain the sex ratios for OFL calculations in Appendix A (B (b)
(2) The proxy for Bumsy).

“Check the calculation of total male directed fishery catch as inputted to GMACS to ensure
accounting for discard mortality is appropriate. Check the tables for correct numbers and that
they match the .DAT files provided. Consider splitting the tables needed by the State of Alaska
from those presenting the data used in the assessment. CPT suggests that the methodology for how
total catches are calculated should be added to the terms of reference for all assessments.”
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Response: Total male directed fishery catch data in the GMACS input data file are correct. Table
2 is added to include all observer catch and discard data. Methods of bycatch estimation are added
to Table 1a caption.

“Highlight the ‘PriorDensity’ row in the table listing the contribution of likelihoods to the
objective function value. Make sure that it is clear that differences in likelihood comparability are
well represented in the tables. It appears that modifications will need to be made to the way that
GMACS includes or does not include prior densities so that the objective function values from
models with different numbers of parameters (but fitting to identical data) are comparable.”

Response: The “PriorDensity” row is highlighted, and a new row is added for total negative log
likelihood values without prior densitie