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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 [50 CFR Section 602.12(e)]. 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/region/alaska and the
Alaska Department of Fish and Game (ADF&G) Shellfish web page at:
http://www.adfg.alaska.gov/index.cfm?adfg=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
NMFS. 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.npfmec.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 reviewand  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 2020
Aleutian Is. golden king crab
(AIGKC) May June Annual 2020
Pribilof Is. blue king crab S
(PIBKC) May June Biennial 2021
Pribilof Is. golden king crab S
(PIGKC) May June Triennial 2020
Western Aleutian Is. red king crab S
(WAIRKC) May June Triennial 2020
EBS snow crab September October Annual 2020
Bristol Bay red king crab
(BBRKC) September October Annual 2020
EBS Tanner crab September October Annual 2020
Pribilof Is. red king crab (PIRKC) September October Biennial 2021
Saint Matthew blue king crab
(SMBKC) September October Annual 2020

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 which 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 16-20, 2019 in Seattle, WA 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 2019 Crab SAFE report contains recommendations for all 10 stocks
including those whose OFL and ABC were previously determined in February and June 2019. This
SAFE report will be presented to the NPFMC in October 2019 for their annual review of the status of
BSAI Crab stocks.

The entire CPT participated in this review. Membership on the CPT includes the following:

Martin Dorn (Co-Chair), Katie Palof (Co-Chair), James Armstrong (Coordinator), William Bechtol, Ben
Daly, Ginny Eckert, 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.

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

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

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

Minimum stock size threshold (MSST) is one half the Busy 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 ForL. Three levels of stock status are specified and denoted by “a,” “b,” and “c”
(see Table 2). The Fumsy control rule reduces the For as biomass declines by stock status level. At stock
status level “a,” current stock biomass exceeds the Busy. 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 For. at or below Fusy 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, v, are used in the
calculation of the For..

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 ForL 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;
o 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 Busy and Fusy.

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

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

o Tier 3 is for stocks where reliable estimates of the spawner/recruit relationship are not available,
but proxies for Fusy and Busy 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 Bwsy 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 For. for stocks at status levels “a” and “b,”” and vy 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 ACLSs 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.



C4 BSAI Crab SAFE Introduction
OCTOBER 2019

ForL/ Fumsy or @ proxy Fusy

=
N
1

=
L

o
o]
1

o
o
1

©
N
1

o
N
1

o

For - Control Rule

ForL = Fusy Or a proxy Fusy

0.5 1 1.5

B / BysyOr a proxy Busy

Figure 1. Overfishing control rule for Tiers 1 through 4. Directed fishing mortality is O below {.
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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.

Inforr_‘nat|on Tier  Stock status level ForL ABC control rule
available
B, Bwmsy, Fusy, and 1 B _ . .
pdf of Fusy = | FopL = 4, =arithmetic mean
msy of the pdf
B y u
p<g—=l Eo Brrsy ABCs<(1-b) * OFL
msy oFL =~ Ha l1-a
i <pB Directed fishery F =0
Brnsy - ForL < Fusy!
B, Bmsy, Fumsy 2 B
>1 ForL = Fmsy
Bmsy
B, -a
p<g—=l £ _p /By ABC<(1-by) * OFL
msy OFL msy 1-a
B <5 Directed fishery F = 0
Bmsy - ForL < Fusy'
B, Fas%’, Bass' 3 B
— *
>1 FOFL - Fss%
Basy-
B B _,
- P< <1 o Bla ABCS(1-b;) * OFL
Bss% Fore =F a5%
-a
B <p Directed fishery F =0
Baso * Fort < Fusy
B . 4 B
o Py B . ° ForL =M
msyprux
B B p
B For = 7M
msy P oL =YM—""——""—
l-a
B <p Directed fishery F =0
Bmsypmx Fort < Fmsy'
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.
t 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 For. — the instantaneous fishing mortality (F) from the directed fishery that is used in

the calculation of the overfishing limit (OFL). For. is determined as a function of:
0 Fwmsy — the instantaneous F that will produce MSY at the MSY -producing
biomass
= A proxy of Fusy may be used; e.g., Fxw, the instantaneous F that results
in X% of the equilibrium spawning per recruit relative to the unfished
value
0 B — ameasure 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.

e The maximum value of ForL is Fusy. ForL = Fmsy when B > Busy.

o For decreases linearly from Fusy to Fumsy:(B-0)/(1-a)) as B decreases from Busy to
B-Bmsy

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

e The parameter, 3, determines the threshold level of B at or below which directed fishing
is prohibited.

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

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

e P*isthe 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 Bwsy
for 2019/20 while EBS Tanner crab, Bristol Bay red king crab, and Norton Sound red king crab are
estimated below Bmsy. 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

1.

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:

e million Ib to 1000 t [/2.204624]
e 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 2018/19 was 15,400 t (with discard mortality rates applied), while the retained
catch in the directed fishery was 12,510 t. Because the total catch mortality for this stock was below the
2018/19 OFL of 29,700 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. 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 model include biomass and length frequency data from the 2019
NMFS Eastern Bering Sea trawl survey, retained and discard catch and length frequencies from the
2018/19 directed fishery, and discard catch and length frequencies from the 2018/19 groundfish fisheries.

The model estimation structure is essentially identical to the 2018 assessment. A jittering approach within
a maximum likelihood framework was used to evaluate model stability, and model scenarios were
evaluated based on their fits 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.

The assessment author examined eight model scenarios for this assessment. Scenario 18.1 was last year’s
accepted model fit to last year’s data. Scenario 19.1 was last year’s accepted model, but updated with
2018/19 data. Scenarios 19.2 and 19.3 imposed prior values on M, based on studies by Hamel and Then et
al. (0.27 and 0.315 yr?, respectively), which differed from the prior value used in 18.1 and 19.1 (0.23 yr-
1. Otherwise 19.2 and 19.3 were identical to 19.1. Scenarios 19.4 and 19.5 imposed linear models for
growth on females and males, respectively, whereas 19.1 fit sex-specific growth curves that allowed a
“kink” (i.e., a change in slope) in the otherwise linear relationship between pre- and post-molt size.
Scenario 19.6 estimated sex-specific size distributions for recruits, whereas 19.1 fixed a single size
distribution on both sexes. Finally, Scenario 19.7 incorporated both Hamel’s prior on M (as in Scenario
19.2) and estimated linear (not kinked) growth for males (as in Scenario 19.5). A scenario based on
imposing linear fits to growth data for both sexes failed to converge and was not considered further. The
scenarios with increased prior values for M (19.2, 19.3, and 19.7) were suggested by a recent paper (and
public comment to the CPT) by Murphy et al. that estimated time-varying mortality rates to be much
higher than those used in last year’s assessment(18.1 and, by extension, 19.1). Patterns in the time series
for abundance of old shell males too small to be caught in the fishery also supported higher M values.

The CPT recommends the author’s preferred model scenario, 19.7, to determine stock status and set the
OFL and ABC for 2019/20. This scenario exhibited the best retrospective pattern for males among the
seven considered, estimated fully-selected NMFS survey catchability (g) near that implied from BSFRF
survey data, described male growth as linear, and estimated reasonably higher rates for M than those for
the base model (19.1). Scenarios 19.1, 19.4, 19.5, and 19.6 estimated lower values for M due to using
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0.23 yr! as the median prior value for M. Scenario 19.2 exhibited the worst retrospective patterns, while
the model instability associated with the kinked growth curves used in 19.3 ruled out that scenario.

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 and 198,400 t in 2018. The 2018 survey
mature male biomass was the largest since 1998. In 2019, survey mature male biomass decreased to
169,100 t. Observed survey mature female biomass rose quickly from a low of 52,200 t in 2009 to
175,800 t 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 159,900
tin 2009/10 to a low in 2015/16 of 42,600 t. MMB increased in subsequent years and was estimated to be
111,400 t in 2018/19. Model-estimated mature female biomass-at-mating (MFB) began to decline
somewhat earlier, from a peak in 2006/07 (66,800 t) to a low in 2009/10 (48,500 t), followed by increases
in 2010/11 and 2011/12 to 92,800t, after which it declined to 60,300 t in 2015/16. Since 2015/16, it has
increased steadily to 140,400 t in 2018/109.

Estimated recruitment to the population has been episodic, with peaks in recruitment generally preceding
peak in mature biomass by a few years. The most recent peaks were in 2008/09 (2,664,000 crab),
preceding peaks in MMB and MFB in 2009/08 and 2011/12, respectively, and in 2015/16 (2,828,000
crab), preceding the increases in MMB and MFB that began in 2015/16.

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 For.
control rule using Fssy as the proxy for Fusy. The proxy for Busy (Bssw) is the mature male biomass at
mating (126.1 kt) based on average recruitment over 1982 to 2018. Consequently, the minimum stock
size threshold (MSST) is 63.0 kt. Projected MMB for 2019/20 (167.3) is above the MSST, so the stock is
not overfished. The CPT recommends that the ABC be less than maximum permissible ABC. The CPT
recommends continuing the buffer of 20% used for the 2017 and 2018 assessments for setting the
2019/20 ABC. This level of buffer is justified given the continuing concerns about model
misspecification (growth) and parameter confounding, the ongoing evidence for retrospective patterns,
and the uncertainty surrounding rates of natural mortality.
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Historical status and catch specifications for snow crab (kt). 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.

MSST Biomass Retained Total
Year (MMB) TAC Catch Catch OFL ABC
2015/16 75.8 91.6 184 184 21.4 83.1 62.3
2016/17 75.8 96.1 9.7 9.7 11.0 23.7 21.3
2017/18 714 99.6 8.6 8.6 10.5 28.4 22.7
2018/19 63.0 123.1 12.5 125 154 29.7 23.8
2019/20 167.3 54.9 43.9

Historical status and catch specifications for snow crab (million 1b). 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.

MSST Biomass Retained Total
Year (MMB) TAC Catch Catch OFL ABC
2015/16  167.1 201.9 40.6 40.6 47.2 183.2 137.4
2016/17 167.1 211.9 21.4 21.4 24.3 52.3 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 52.5
2019/20 368.8 121.0 96.8
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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 a threshold 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 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 2018/19 was
2.03 kt and total catch mortality was 2.65 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 the time of the 2019 survey and mature male (males >120
mm CL) biomass was projected to 15 February 2019. 2018/19 fishery catch 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 1975-2018 NMFS trawl survey dataset was updated with
data from the 2019 survey, including sex-specific area-swept estimates of abundance, biomass, and size
composition. The 2019 survey biomass estimate for mature males was similar to that in 2018.

Changes to the basic model methods included: (1) treating the Tanner crab fishery bycatch size
compositions similarly to those from the groundfish fisheries by having the size compositions sum to 1
for both sexes combined (2) transitioning the mode to the General Model for Assessing Crab Stocks
(GMACS) modeling framework by performing a bridging analysis between the current model and a
similar model structure in GMACS

Three model scenarios were evaluated for the 2019 assessment. Model 18.0d was the accepted model
from the 2018 assessment with 2019 data and separating the groundfish fisheries bycatch data into trawl
and fixed gear during 1996-2018. Model 18.0e changed the length compositions of the Tanner crab
fishery bycatch in each year to sum to 1 for both sexes combined, thus treating this data the same as the
groundfish fisheries bycatch in the model. Model 19.0 is the GMACS model which is as close to model
18.0e as possible between the old framework and GMACS. The differences between models 18.0d and
18.0e were minimal and 18.0e was consistent in the treatment of all bycatch data therefore the model
comparisons focused on model 18.0e and 19.0.
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The CPT selected model scenario 19.0 as its recommended model for status determination and OFL
setting. Results from all scenarios were quite similar, and all of the models overpredicted the very low
2018 and 2019 NMFS survey biomasses. The CPT noted that a similar lack of fit has been found
previously when survey biomass dropped suddenly, reflecting uncertainty in whether the underlying
cause was a change in availability or mortality (i.e., the “hide ‘em/kill ‘em” uncertainty). Some of the
main differences between models 18.0e and 19.0 were the treatment of penalties and priors in GMACS.
Sensitivity analyses showed that, while they could not be mimicked in the model 18.0e framework, they
had little effect on model output. Treatment of selectivity is also different between the two models, with
model 18.0e having three parameters while model 19.0 has four parameters for male and female logistic
curves for a given period. This affects the estimation of selectivity of smaller size groups in model 19.0
and therefore the shape of the selectivity curves. There are also differences between the models in the
treatment of the relationship between the NMFS trawl survey and the BSFRF survey. The GMACS model
fits the NMFS biomass better than the BSFRF biomass whereas model 18.0e does the opposite. Overall,
considerable work has been done to bridge the current model with the GMACS modeling framework and
the CPT acknowledges this and recommends adopting model 19.0. This model transitions this stock to the
GMACS modeling platform. OFL and ABC’s were adopted from the GMACS model, with a 20% buffer
for ABC, consistent with last year’s ABC buffer and adoptions in other crab stocks.

Stock biomass and recruitment trends

Based on the CPT-recommended scenario, 19.0, the MMB at the time of mating is estimated to have been
highest early in the late 1970s (approximately 111 kt), with secondary peaks in 1989 (28 kt) and 2002/03
and 2010/11 (~31 kt). The estimated MMB at time of mating in 2018/19 was 16.92 kt. The projection for
the 2019/20 time of mating, which assumes the fishing mortality in 2019/20 matches that corresponding
to the OFL, is 15.96 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 (49, 42, and 39
million crab, respectively). The relatively low recruitment estimate of 4.7 million crab for 2019 was lower
than that estimated last year.

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

Bristol Bay red king crab is in Tier 3. Based on the author’s discussion regarding an apparent reduction in
stock productivity associated with the 1976/77 climate regime shift in the EBS, 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. Following discussions at the January and May 2018 CPT meetings, the CPT concurred with
the author’s recommendation to drop the terminal year recruitment from the time period for average
recruitment because it is highly uncertain. The estimated Bsso, is 21.2 kt. MMB projected for 2019/20 is
15.96 kt, 75% of Bssy. Consequently, the BBRKC stock is in Tier 3b in 2019/20.

The CPT recommends that the OFL for 2019/20 be set according to model scenario 19.0, for which the
calculated OFL is 3.40 kt. Given the inability of the model to adequately fit the last two years (2018 and
2019) survey biomasses, the team recommends that the ABC for 2019/20 be set below the maximum
permissible ABC. The team recommends that a 20% buffer from the OFL be used to set the ABC at 2.72
kt. This buffer is consistent with 2018 CPT recommendations, which were based on the rather unusual
environmental conditions in the EBS the last two years (e.g., elevated bottom temperatures, lack of a cold
pool) and the model’s poor fit to the 2018 and 2019 survey data increase the uncertainty associated with
this stock and warrant additional precaution.

MMB for 2018/19 was estimated to be 16.92 kt and above MSST (10.62 kt); hence the stock was not

overfished in 2018/19. The total catch in 2018/19 (2.65 kt) was less than the 2018/19 OFL (5.34 kt);
hence overfishing did not occur in 2018/19. The stock at 2019/20 time of mating is projected to be above
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the MSST and 75% of Bassy (See above); hence the stock is not approaching an overfished condition in

2019/20.

Historical status and catch specifications for Bristol Bay red king crab (kt). 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.

MSST

Biomass

Retained

Total

Year mme)  TAC Catch Cateh OFL ABC
2015/16  12.89 27.68 4.52 4.61 5.34 6.73 6.06
2016/17  12.53 25.81 3.84 3.92 4.28 6.64 5.97
2017/18  12.74 2486 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 15.96 3.40 2.72

Historical status and catch specifications for Bristol Bay red 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.

MSST

Biomass

Retained

Total

Year (MMB) TAC Catch Catch OFL ABC
2015/16 28.4 61.0 9.97 10.17 11.69 14.84 13.36
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 37.3 431 431 5.85 11.76 941
2019/20 35.2 75 6.00
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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
(0.5Bmsy) 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.

NMPFS 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 1,410t 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.

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,
TCSAMO02, 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; 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.
Input data sets were updated with the most recent information, including the NMFS EBS trawl survey in
2019; bycatch, and size composition data from the 2018/19 crab fisheries; and data on Tanner crab
bycatch in the groundfish fisheries in 2018/19.

The model recommended by the CPT to set the OFL and the ABC incorporated the most recent survey
data and fishery data that was updated with both the most recent data and revised historical total catches.
These estimates were nearly the same as the original estimates after 1995 but showed much larger
changes in 1992-1995 (catches prior to 1992 were not revised). The revised fishery estimates had a
relatively large impact on the scale of the population relative to previous assessments--including the data
increased the estimated size of the population. However, given the re-analysis, this appears to be the best
available information and the CPT recommended adopting them after further discussion at the May 2019
CPT. It was not clear to the CPT what was driving the extreme sensitivity of the model to the revised
catch estimates and this could be a topic of further research in the future.

Stock biomass and recruitment trends

The MMB at the time of mating is estimated to have been highest in the early 1970s (approximately 300
kt), with secondary peaks in 1989 (75 kt), 2008/09 (76 kt), and in 2014/15 (83 kt). The estimated MMB at
time of mating in 2018/19 was 82.61 kt and the projection for the 2019/20 time of mating is 39.55 kt.
Estimates of recruitment since 1999 have been generally low relative to the peaks estimated for the period
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prior to 1990. There was a relatively strong recruitment estimated for 2017, 2018, and 2019, but these
estimates are very 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 Busy under
prevailing environmental conditions. This recommended time period is 1982 — 2019; the 1982-and-
onwards time period has been used in previous OFL determination and follows the most recent
recommendation of the SSC.

Based on the estimated biomass at 15 February 2019, the stock is at Tier 3b. The Fusy proxy (Fasx) is 1.18
yr+, and the 2019/20 Forc is 1.08 yr=under the Tier 3b OFL Control Rule, which results in a total male
and female OFL of 28.86 kt. The CPT recommends a 20% buffer to account for model uncertainty and
stock productivity uncertainty be applied to the OFL to set ABC = 23.09 kt. The 20% buffer is the same
that the SSC recommended for determination of the 2018/19 ABC.

Historical status and catch specifications for Eastern Bering Sea Tanner crab (kt). 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.

Total

Biomass TAC (East + Retained Catch
Year MSST (MMB) West) Catch Mortality = OFL ABC
2015/16 12.82 73.93 8.92 8.91 11.38 27.19 21.75
2016/17 14.58 77.96 0.00 0.00 1.14 2561 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 39.55 28.86 23.09

Historical status and catch specifications for Eastern Bering Sea Tanner crab (million 1b). 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.

Total

Biomass TAC (East + Retained Catch
Year MSST (MMB) West) Catch Mortality = OFL ABC
2015/16 28.27 162.99 19.67 19.64 25.09 59.94 47.95
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 44.83
2018/19 45.27 182.09 2.44 2.44 4.18 46.01 36.82
2019/20 87.18 63.62 50.89

19



C4 BSAI Crab SAFE Introduction
OCTOBER 2019

4 Pribilof Islands red king crab

The Pribilof Islands red 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 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 1.0to 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 Bmsy estimation, which
is equal to 0.35*average MMB for 2000 to present, during which no directed fishery occurred. For
2019/20 the Busy = 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
=3.1and For.=0.21. B/ Bumsy proxy IS > 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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Historical status and catch specifications for Pribilof Islands red 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.

Biomass Retained Total

Year MSST  \iMBowe) TAC Catch  cCatch OF-  ABC

2015/16 2,756 9,062 0 0 432 2,119 1,467
2016/17 2,751 4,788 0 0 094 1,492 1,096
2017/18 2,751 3,439 0 0 141 404 303
2018/19 866 5,368 0 0 722 404 303
2019/20 864 648

Historical status and catch specifications for Pribilof Islands red 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.

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 1.90 1.43

The stock was above MSST in 2018/19 and was not overfished. Overfishing did not occur during the
2018/19 fishing year.
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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 b 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 Busy. 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 Busy 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% Bwsy, the stock is in stock status ¢ and
the directed fishery F is 0. However, an For. must be determined for the non-directed catch. For this
stock, the For. 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
2019/20 175 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 0.386 0.0026 0.002
2020/21 0.386 0.0026 0.002

The total catch for 2017/18 (0.33 t) and 2018/19 (0.41 t) was less than the associated OFLs (1.16 t for
both years) so overfishing did not occur during 2017/18 or 2018/19. The 2019/20 projected MMB
estimate of 175 t is below the proxy for MSST (MMB/Bwumsy = 0.04) so the stock is projected to continue
to be in an overfished condition.
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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 Ib) 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
Bwmsy 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 but differs from the original GMACS model in
that natural and fishing mortality are continuous within 5 discrete seasons. 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 18.0 - the 2018 recommended
model; (2) Model 19.0 — the reference model updated with new data; (3) Model 19.1, which gives greater
weight to fitting the NMFS trawl and the ADF&G pot surveys, and Model 19.2, which estimates an
additional CV for the ADF&G pot survey. A variant of model 19.0 (Model 19.0a) differs only in the
range of years used to calculate reference points.

The CPT concurs with the author’s recommendation to use the reference model 19.0 for the 2019/20 crab
year. This stock is in Tier 4. The CPT recommends that the full assessment period (1978/79-2018/19) be
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used to define the proxy for Busy in terms of average estimated MMBmaiing. The projected MMB estimated
for 2019/20 under the recommended model is 1,151 t and the Fusy proxy is the natural mortality rate
(0.18year) and For, is 0.042, resulting in a mature male biomass OFL of 0.04 kt. The MMB/Busy ratio
is 0.310. The author recommended and the CPT concurred with a 20% buffer on the OFL for the ABC
which was consistent with the approach used last year. The ABC based on this buffer is 0.03 kt.

Historical status and catch specifications for Saint Matthew blue king crab (kt). 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 Male
Year MSST (MMBmating) TAC Catch Catch OFL ABC
2015/16 1.84 2.11 0.19 0.05 0.05 0.28 0.22
2016/17 1.97 2.23 0.00 0.00 0.001 0.14 0.11
2017/18 1.85 1.29 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 1.08 0.04 0.03

Historical status and catch specifications for Saint Matthew 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.

Biomass Retained Total Male
Year MSST (MMBmating) TAC Catch Catch OFL ABC
2015/16 4.0 4.65 0.41 0.105 0.117 0.62 0.49
2016/17 4.30 491 0.00 0.000 0.002 0.31 0.25
2017/18 4.1 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 2.38 0.10 0.08

The stock was below MSST in 2017/18 and was declared overfished. A rebuilding plan for the stock is
under development. Total catch was less than the OFL in 2018/19 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 main fisheries: summer commercial,
winter commercial, and winter subsistence. The summer commercial fishery, which accounts for most of
the catch, reached a peak in the late 1970s at a little over 2.9 million Ib. retained catch. Retained catches
since 1982 have been below 0.5 million Ib., averaging 0.3 million Ib., including several low years in the
1990s. As the crab population rebounded, retained catches have increased to around 0.5 million Ib. in
recent years, but were around 0.3 million Ib. in 2018.

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, but none of these surveys have been conducted every
year. The assessment is based on a male-only length-based model of male crab abundance that combines
multiple sources of data. A maximum likelihood approach was used to estimate abundance, recruitment,
and selectivity and catchability of the commercial pot gear. The model has been updated to include the
following data: total catch, catch length composition, discard length composition data from the 2018
summer commercial fishery, and 2018 winter commercial and subsistence catch. New trend data in the
assessment included 2018 ADFG survey in Norton Sound. In addition, the standardized commercial catch
CPUE indices were updated to include data for 1977-2018. The current model assumes a constant M=0.18
yr! for all length classes except the the > 123mm CL length-class, which had an estimated value of 0.583
yr. Logistic functions are used to describe fishery and survey selectivities, except for a dome-shaped
function examined for the winter pot fishery.

The assessment author envaulted eight model alternatives, a base model (model 18.0) that assumes fixed
retention selectivity and uses retention and discards length-composition data to estimate total catch
selectivity, and several other models that incorporate different stanzas (1987-1994 and 2012-2018) of size
composition data from the summer and winter commercial fisheries and estimate separate retention
selectivities for the summer and winter fisheries.

The CPT recommended model 18.2b which estimates commercial fishery retention selectivity using
summer commercial 2012-2018 total catch length composition data, 1987-1994 summer commercial
fishery discard length composition data, and 2015-2018 winter commercial fishery retention length
composition data. Estimating retention selectivity did not change fit to population dynamics, but
improved fits of commercial retention and tag recovery data that inform the size transition matrix and
molt probabilities. Estimating separate retention selectivities for the summer and winter fisheries did not
improve the model fit.

Stock biomass and recruitment trends

Mature male biomass was estimated to be at an historic low in 1982 following a sharp decline from the
peak biomass in 1977. The MMB then exhibited an increase from a low in 1997 to a peak in 2010, before
showing minor declines and increases close to the Bwsy proxy. The stock is currently estimated to be on a
downward trend. Estimated recruitment was weak during the late 1970s and high during the early 1980s,
with a slight downward trend from 1983 to 1993. Estimated recruitment has generally been variable, with
a slight decrease in the last 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 Bwsy proxy, calculated as the
average of mature male biomass on February 1 during 1980-2019 was 4.57 million Ib. The estimated

26



C4 BSAI Crab SAFE Introduction
OCTOBER 2019

2019 mature male biomass on February 1 using Model 18.2b is 3.12 million Ib., which is below the Bwmsy
proxy fOr this stock, placing Norton Sound red king crab in status category 4b. The Fusy proxy is M =0.18 yr1
and the ForL=0.118yr, because the 2019 mature male biomass is less than Bwsy proxy, with the CPT
choosing the default of gamma =1.0.

The CPT recommends that the OFL for 2019 be set according to model 18.2b, for which the calculated
OFL is 0.24 million Ib. (0.11 thousand t). The team recommends that the ABC for 2019 be set below the
maximum permissible ABC. The team recommends that the SSC-endorsed buffer of 20% from the OFL
be used to set the ABC at 0.19 million Ib. (0.09 thousand t). The OFL is a retained catch OFL although a
total catch OFL is computed as part of the assessment. The recommendation of an ABC less than the
maximum permissible is recommended due to concern about model specification and unresolved
competing hypotheses about whether the lack of large male crab in the fisheries and surveys is from
increased natural mortality or movement out of the area.

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 Retai neq To'gal Retained Retain

Year MSST (MMB) GHL  Commercial Retained Catch catch
Catch Catch OFL ABC

2015 1.09 2.33 0.18 0.18 0.24 0.33 0.26
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 TBD TBD TBD 0.11 0.09

1: Summer commercial fishery
2: Summer commercial fishery, winter commercial fishery and subsistence fishery

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.

Retained Retain

Biomass Retained  Total
Year MSST GHL 1 ,  Catch catch

(MMB) Catch Catch OFL ABC
2015 2.41 5.13 0.39 0.40 0.52 0.72 058 ol
2016 2.26 5.87 0.52 0.51 0.52 0.71 057  retained
2017 2.31 5.14 0.50 0.49 0.50 0.67 054  catch
2018 2.41 4.08 0.30 0.31 0.34 0.43 0.35  during
2019 2.24 312 TBD  TBD TBD 024 019 2018did

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. Retained catch peaked in
1986/87 at 14.7 million Ib and averaged 11.9 million Ib over the 1985/86-1989/90 seasons. Average
harvests dropped sharply from 1989/90 to 1990/91 to a level of 6.9 million Ib for the period 1990/91-
1995/96. Management based on a formally established GHL began with the 1996/97 season. The 5.9
million Ib GHL established for the 1996/97 season, which was based on the previous five-year average
catch, was subsequently reduced to 5.7 million Ib beginning in 1998/99. The GHL (or TAC, since
2005/06) remained at 5.700 million Ib for 2007/08, but was increased to 5.985 million Ib for the 2008/09-
2011/12 seasons, and to 6.290 million Ib starting with the 2012/13 season. The TAC was reduced to 5.545
million Ib for the 2016/17 season and increased to 6.356 million Ib for the 2018/19 season. This fishery is
rationalized under the Crab Rationalization Program.

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. Retained catch in the post-rationalized
fishery (2005/06-2018/19) has ranged from 5.245 million 1b in 2006/07 to 6.536 million Ib in 2018/19.
Total mortality ranged from 5.427 to 7.396 million Ib for the same period.

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 EAG and WAG owing to different abundance trends in each area. A
modeling framework based on only fisheries data for Al golden king crab was under development for
several years with model assumptions and data inputs refined by reviews by the SSC and CPT. The CIE
also reviewed the model and stock assessment in June 2018. 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 (landing
and total catch), and mark-recapture data. These data are complete through the 2018/19 season.

The assessment authors examined five model scenarios for EAG and five model scenarios for WAG in
this assessment cycle. Model 18 0 was the base model last year (Model 17_0) with new data in the
2017/18 fishing season. Model 18_1 is the same as Model 18 0 except the number of gear codes was
reduced for fishery CPUE standardization. Model 19_0 is the same as Model 18_0 with new data from
the 2018/19 fishing season. Model 19 1 is the same as Model 18.1 with new data from the 2018/19
fishing season. Model 19 _2a is the same as Model 19 _1 plus a year and area interaction factor during
years 2005/06 - 2018/19 for EAG, and Model 19_2 is the same as Model 19_1 plus a year and area
interaction factor during years 1995/96 - 2018/19 for WAG. The authors recommended Model 19 1 or
Models 19 2/19 2a for a base model for overfishing determination.

The CPT considered Models 19_0, 19 1, and 19 _2/19 2a (all include the 2018/19 fishery data). Model
19 1 is preferred over Model 19 0 due to simplification of gear codes and the fact that model
performances were very similar. Models 19 2 and 19 2a include a year and area interaction factor which
may be important for fishery CPUE standardization. However, the CPT has concerns about the current
area footprint calculation and with not using the year and area interaction factor during 1995/96-2004/05
for EAG due to high estimated log(CPUE) variances. It appears that further improvement is needed for
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Models 19 2 and 19 2a before adoption as the base model. The CPT recommends base model 19 1 for
OFL and ABC determination for 2019/2020.

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 CPT recommended that
the model be used to provide management reference points based on the Tier 3 control rule in January
2017 and this tier recommendation was endorsed by the SSC in February 2017.

An industry-ADF&G collaborative survey has been conducted for this stock during 2015-2018. A
preliminary model using the first two years' index from this survey was evaluated in the assessment in
2018; however, additional index development is needed before the model with the survey data is suitable
to provide management advice.

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 WAG increased from a low in the 1990s
until 2007/08 and then declined again. There has been a slight increase in MMB in WAG since 2014.
Recruitment for the EAG was variable and high during 2014-2016 while recruitment for WAG is 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 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 2019/20. 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 Bwusy by area. This stock status is then
used to determine the ratio of For to Fase 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 For. to determine the combined OFL for both areas.

The CPT recommends that the Bmsy 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.
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Status and catch specifications (1000 t) for Aleutian Islands golden king crab (scenario 19 _1).
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  usst mve) ¢ catch  cach  OTC ABC
2015/16  N/A__N/A 2853 2729 3076 569 4.26
2016/17 N/A  N/A 2515 2593 2947 569 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 15.944 5.249 3.937

Status and catch specifications (million Ib) for Aleutian Islands golden king crab (scenario 19_1).
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  mvsst  mmB) A cawch  cach  OFF ABC
2015116 NIA N/A 6290 6016 6782 1253  9.40
2016/17  NIA N/A 5545 5716 6497 1253  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 7396  12.157 9.118
2019/20 35.150 11.572  8.679

Total fishery mortality in 2018/19 was 7.396 million Ib, less than the OFL of 12.157 million Ib, thus
overfishing for the 2018/19 season did not occur.

Additional Plan Team recommendations

The CPT recommended additional assessment work in a number of areas. Additional development is
needed for fishery CPUE standardization, including further development in year-area interactions. The
chela measurement data should be reanalyzed using recently collected fishery and survey data to better
estimate the maturity of AIGKC. The bias of retrospective biomass estimates for EAG needs to be
checked and investigated for any model misspecifications. Uncertainty of recruitment estimates in the
terminal years should be assessed to determine how many years of recruitment estimates in the terminal
years are excluded for Bssy estimation. Use of GMACS for the AIGKC assessment should be explored.
Finally, additional work is needed to obtain an index using the cooperative pot survey data for use in the
EAG assessment model.
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9 Pribilof District Golden King Crab

In accordance with the approved schedule, no assessment was conducted for Pribilof District golden king
crab this year, however, a full stock assessment will be conducted in 2020. Until then, the values
generated from the previous stock assessment (below) will be rolled over for 2018/19 specifications.
Additional information listed below summarizes the 2017 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 has been managed with a GHL of 68 t since 2000. No directed fishery occurred during
2006-2009, 2015, and 2016, but one vessel landed catch in 2010, two vessels landed catch in 2011, one
vessel landed catch each year from 2012 to 2014, two vessels landed catch in 2017, and one vessel landed
catch in 2018. 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 2001-2018 due to crab fisheries
range from 73 t. Estimates of annual fishery mortality during 1991/92-2018 due to groundfish fisheries
range from negligible to 8.84 t. Total fishery mortality in groundfish fisheries during the 2018 crab fishing
year was 1.54 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
using slope survey data was explored; however, the model fit was poor for mature and legal size male,
likely due to small number of data points and the high variance.

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 2018, 2019, and 2020. The CPT concurs with
the author’s recommended status quo OFL of 0.20 million Ib and an ABC of 0.15 million Ib. 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 2018-2020 OFL calculation is the same as recommended by the
SSC for 2012-2017:

OFL 20182020 = (1+R2001-2010) *RE T 1993-1998 + BMnc 1994-1998 + BMgr,1992/93-1998/99

where,
®  Ropoimo is the average of the estimated annual ratio of Ib of bycatch mortality to Ib of
retained in the directed fishery during 2001-2010.
o RETig31908 IS the average annual retained catch in the directed crab fishery during 1993-
1998.
o  BMnc 19021008 IS the estimated average annual bycatch mortality in non-directed crab
fisheries during 1994-1998.
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o BMgr,1992193-1908199 IS the estimated average annual bycatch mortality in groundfish fisheries
during 1992/93-1998/99.

Status and catch specifications (t) of Pribilof District golden king crab

Calendar Biomass Retained Total
Year MSST (MMB) GHL Catch Catch OFL ABC
2015 N/A N/A 59 0 1.92 91 68
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 93 70

N/A = not available
Conf. = confidential

Status and catch specifications (millions Ib) of Pribilof District golden king crab

Calendar Biomass Retained Total
Year MSST (MMB) GHL Catch Catch OFL ABC
2015 N/A N/A 0.13 0 0.004 0.20 0.15
2016 N/A N/A 0.13 0 <0.001 0.20 0.15
2017 N/A N/A 0.13 Conf. Conf. 0.20 0.15
2018 N/A N/A 0.13 Conf. Conf. 0.20 0.15
2019 N/A N/A 0.13 Conf. Conf. 0.20 0.15
2020 N/A N/A 0.20 0.15

N/A = not available
Conf. = confidential
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10 Western Aleutian Islands red king crab

In accordance with the approved schedule, no assessment was conducted for Western Aleutian Islands
king crab this year, however, a full stock assessment will be conducted in 2020. Until then, the values
generated from the previous stock assessment (below) will be rolled over for 2018/19 specifications.
Additional information listed below summarizes the 2017 assessment.

Fishery information relative to OFL and ABC setting

The domestic fishery has been prosecuted every season from 1960/61 to 1995/96. During the early years
of the fishery through the late 1970s, most or all of the retained catch was harvested in the area between
172° W longitude and 179°15"' W longitude. Peak harvest occurred during the 1964/65 season with a
retained catch of 9,611 t. As the annual retained catch decreased into the mid-1970s and the early-1980s,
the area west of 179°15' W longitude began to account for a larger portion of the retained catch. 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.

Retained catch from 1985/86 to 1994/95 averaged 426 t, but the retained catch during the 1995/96 season
dropped to 18 t. Most of the catch since the 1990/91 season was harvested in the Petrel Bank area
(between 179° W longitude and 179° E longitude) and the last two commercial fishery seasons were
opened only in the Petrel Bank area with 231 t in 2002/03 and 218 t in 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 bycatch mortality in the crab fisheries during the 1995/96 to
2018/19 seasons averaged 1 t in crab fisheries and 1 t in groundfish fisheries. Estimated annual total
fishing mortality from 1995/96 to 2018/19 averaged 31 t. The average retained catch during that period
was 24 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 2007/08 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 2018/19
and from groundfish fisheries from 1993/94 to 2018/19 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.
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Tier determination/Plan Team discussion and resulting OFL and ABC determination

The CPT recommends that this stock be managed under Tier 5 for the 2017/18, 2018/19, and 2019/20
seasons. 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 2017/18 to
2019/20 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
2017/18, 2018/19, and 2019/20 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 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) of Western Aleutian Islands red king crab

Fishin Biomass Retained Total

Yearg MSST (MMB) TAC Catch Catch OFL ABC
2015/16 N/A N/A Closed 0 1.3 56 34
2016/17 N/A N/A Closed 0 <1 56 34
2017/18 N/A N/A Closed 0 <1 56 14
2018/19 N/A N/A Closed 0 <1 56 14
2019/20 N/A N/A 56 14

Status and catch specifications (million 1b) of Western Aleutian Islands red king crab

Fishin i i

e et R DM o s
2015/16 N/A N/A Closed 0 0.00296 0.12387 0.07432
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 0.12387 0.03097
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Figures and Tables
BSAI Crab stock status
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Figure 2.  Status of eight Bering Sea and Aleutian Islands crab stocks in relation to status determination
criteria (Busy, MSST, overfishing) for 2019. Note that information is insufficient to assess Tier
5 stocks according to these criteria (WAIRKC, PIGKC).
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Table 4. Crab Plan Team recommendations from the September 2019 meeting. Note that recommendations are final values from the SSC for
stock 7 (February) and 5 and 8 (June); stocks 9 and 10 were not assessed in 2019. Hatched areas indicate parameters not applicable
for that tier. Values are in thousand metric tons (kt).

S B or Busy basis [2 2019720 381 2019/20 ABC
Chapter Stock Tier tz:)tus ForL MSY years!!] 2019/20 MMB/ v Mortality (M) 2019/20
(ar ,C) BMSYproxy MMB MMBusy OFL ABC Buffer
1982-2018 0.41 (mat. females)

1 EBSsnow crab 3 a 1.93 126.1 . 167.3 1.33 0.31 (imm.) 54.90 43.90 20%
[recruitment]
0.30 (mat. males)

2 BB red king crab 3 b 0.22 21.25 1984.-2018 15.96 0.75 0.18 3.40 2.72 20%
[recruitment]

1982-current 0.30 (mat. females)
3 EBS Tanner crab 3 b 1.08 41.07 . 39.55 0.96 0.23 (imm.) 28.86 23.09 20%
[recruitment]
0.30 (mat. males)

Pribilof Islands red 2001-

0,
4 King crab 4 a 0.21 1.73 present 5.37 3.10 1 0.21 0.86 0.65 25%
[MMB]
1980/81-
Pribilof Islands 1984/85 &
0,
5 blue King crab 4 c 0.18 411 1990/91- 0.175 0.04 1 0.18 0.00116 0.00087 25%
1997/98
[MMB]
St. Matthew Island 1978-2018
6 - Viatthew island c 0.04 3.48 [MMB] 1.08 031 1 0.18 0044 0035  20%
blue king crab
Norton Sound red 1980-2018
0,
7 king crab 4 b 0.12 2.06 [MMB] 1.41 0.68 1 0.18 0.11 0.09 20%
Al golden king EAG (0.66) 1987/88- 0
8 crab 3 a WAG (0.60) 11.76 2012/13 15.94 1.36 0.21 5.25 3.94 25%
9 Pribilof _Islands 5 See intro 0.09 0.07 2506
golden king crab chapter
Western Al red 1995/96-
0,
10 king crab 5 2007/08 0.06 0.01 5%

[ For Tiers 3 and 4 where Bwmsy or Bumsvyproxy 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.

[2lMMB as projected in Feb 2019 for Norton Sound red king crab, and June 2019 for AIGKC.

Bl 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.
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Table 5. Maximum permissible ABCs for 2019/20 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).

2019/20 2019/20
Stock Tier Max ABC ABC
EBS Snow Crab! 3 54.777 43.9
Bristol Bay RKC? 3 3.371 2.72
Tanner Crab® 3 28.790 23.09
Pribilof Islands RKC* 4 0.853 0.65
Pribilof Islands BKC* 4 0.00104 0.00087
Saint Matthew BKC? 4 0.0438 0.035
Norton Sound RKC? 4 0.109 0.09
Aleutian Islands GKC? 3 5.224 3.94
Pribilof Islands GKC* 5 0.081 0.07
Western Aleutian Islands RKC* 5 0.054 0.01

Basis for P* calculation of Max ABC:
ICV on terminal year biomass
2CV on OFL
SMCMC
490%OFL (Tier 5)
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A stock assessment for eastern Bering Sea snow crab
Cody Szuwalski
September 16, 2019
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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 the early and mid-nineties (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 2018 was low
(12.51 kt) as a result of low estimated mature biomass.

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 mortality was 2.86 kt which was 23% of the retained
catch.

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 in the early and mid-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 B359. However, since 2011, the stock has declined and the
observed MMB at the time of survey dropped to an all time low in 2017 of 83.96 kt. MMB is increasing
again as a large recruitment moves through the size classes.

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 appears to have persisted to the present, where it is beginning to be seen in the exploitable biomass.
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5. Management
Table 1: Historical status and catch specifications for snow crab
(1,000t).
Biomass Retained Total
Year MSST (MMB) TAC catch catch OFL ABC

2014/2015 73.2 129.3 30.8 30.8 34.3 69 62.1
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 63.0 123.1 12.5 12.5 15.4 29.7 23.8
2019/2020 167.3 54.9 43.9

Table 2: Historical status and catch specifications for snow crab

(millions of 1bs).

Biomass Retained Total
Year MSST (MMB) TAC catch catch OFL ABC
2014/2015 161.38 285.06 67.9 67.9 75.62 152.12 136.91
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 368.83 121.03 96.78
6. Basis for the OFL

The OFL for 2019 from the chosen model (19.7) was 54.92 kt fishing at Fopr, = 1.93 (100% of the calculated
Fs59, 1.93). The calculated OFL was an 85% change from the 2018 OFL of 29.7 kt. The projected ratio of
MMB at the time of mating in 2020 to Bgs9 is 1.33.

Table 3: Metrics used in designation of status and OFL (1,000
t). ‘Years’ indicates the year range over which recruitment is
averaged for use in calculation of B35. ‘M’ is the natural mortality
for immature crab, mature female crab, and mature male crab,

respectively.

Year Tier BMSY MMB Status FOFL Years M
2019/2020 3 126.1 167.3 1.33 1.93 1982-2018 0.31, 0.41, 0.3
Table 4: Metrics used in designation of status and OFL (millions
of Ib.). ‘Years’ indicate the year range over which recruitment is
averaged for use in calculation of B35. ‘Status’ is the ratio between
MMB and BMSY. ‘M’ is the natural mortality for immature crab,

mature female crab, and mature male crab, respectively.
Year Tier BMSY MMB Status FOFL Years M
2019/2020 3 278 368.8 1.33 1.93 1982-2018 0.31, 0.41, 0.3
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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 43.93 kt, calculated by subtracting a 20% buffer from the OFL as
recommended by the SSC.
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A. Summary of Major Changes

1. Management: None
2. Input data:

Data added to the assessment included: 2019 Bering Sea survey biomass and length composition data, 2018
directed fishery retained and discard catch, and length composition for retained and discard catch (calculated
via the ‘subtraction’ method; see below), and groundfish discard length frequency and discard from 2018.
Growth data were updated with 4 observations of pre- and post-molt lengths.

3. Assessment methodology:

Management quantities were derived from maximum likelihood estimates of model parameters in a size-based,
integrated assessment method. Jittering was performed to identify stable model configurations. Retrospective
analyses were performed for selected model configurations.

4. Assessment results

The updated estimate of MMB (February 15, 2018) was 111.41kt which placed the stock at 88% of Bss54.
Projected MMB on February 15, 2019 from this assessment’s chosen model was 167.32 kt after fishing at the
OFL, which will place the stock at 133% of Bgs4. 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. CPT May 2019 comments, SSC comments, and author response:

Research directions

SSC comment: The SSC suggested the development of a prioritized research plan to improve the snow crab
assessment and that it may be helpful to organize the plan into categories: analyses conducted within the
assessment model, analyses conducted outside the model, development of alternative models (e.g., GMACS,
stmplified model), and collection of new data. The SSC also suggested that work that can be conducted with
existing data and staff resources should be prioritized versus new work that requires new funding.

Author response (CSS): A prioritized research plan has yet to be formally written down, but a general
hierarchy of needs exists. The author’s current plan following the September meeting is (listed by priority):

e Develop a GMACs model for snow crab to be presented at CIE review in summer of 2020. This is
the number one priority because of the desire to move to GMACs before attempting to solve model
pathologies that may or may not exist when using GMACs.

o Address survey catchability and the use of Bering Sea Fishery Research Foundation (BSFRF) data.
Given the discussion about changing assumed natural mortality and its confounding with catchability
(and growth), it will be necessary to consider how to best inform catchability. First, I will revisit how
the BSFRF data are used to establish a mean catchability. Second, I hope to explore time-variation in
catchability potentially resulting from changes in spatial distribution and environmental variation. This
could address some of the spatial issues related to the fraction of the stock in the northern Bering Sea,
poor fits in some years, and retrospective patterns in estimates of MMB.

e A post-doc has just been hired to develop a fully spatial assessment for snow crab using code built on
the VAST framework.

These projects will consume at least the next year.

Assessment scenarios for September 2019

The CPT made several recommendations for scenarios with the current assessment methodology to be
presented in September based on analyses presented during the May 2019 CPT meeting, including a status
quo model, a model with higher M, a model with linear growth for females and kinked growth for males,
a model with linear growth for males and kinked growth for females, models that estimate different size
distributions for male and female recruitment. The SSC agreed with these suggestions. Last year’s accepted
model uses kinked growth curves for both males and females, has a median prior for M of 0.23, and specifies
the distribution of female and male recruitment (which are equal). The author presents 8 runs based on these
recommendations:

e 18.1 — Last year’s accepted model fit to last year’s data.

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

e 19.2 - 19.1 4+ Hamel prior on M (0.27)

e 19.3 - 19.1 + Then prior on M (0.315)

e 19.4 — 19.1 4 Linear growth for females

e 19.5 -19.1 4 Linear growth for males

e 19.6 — 19.1 + estimate different recruitment distributions by sex
e 19.7 - 19.2 + linear growth for males

A model in which both male and female growth models were specified as linear did not converge and is not
presented here. The author’s preliminary preferred model is 19.7. It should be noted that the preferred model
increased the assumed mean value for the prior on natural mortality and this results in higher OFLs than if
M remained the same as in 2018 (e.g. model 19.1). However, updated methodology for developing empirical
estimates of natural mortality, state-space modeling that estimates time-varying natural mortality for snow
crab, and closer examination of the survey data all suggest that natural mortality is higher than it has been
assumed during the recent history of the snow crab assessment.
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The SSC offers the following additional suggestions to the assessment author (followed by author responses):

SSC: Consider whether a higher natural mortality should be incorporated with a suitable prior or as a fized
parameter estimated outside the model.

CSS: For this round of assessment, natural mortality was incorporated with a prior, with the reasoning that
allowing the model some flexibility in natural mortality will incorporate some of the uncertainty in M into
derived quantities. However, once the assessment is moved to GMACS, a simulation exercise in which data
are simulated with a known M and fit with GMACS could show whether or not M can be estimated reliably
with the available data.

SSC: Consider the northern Bering Sea data to better understand the influence of snow crab in that area
on the eastern Bering Sea assessment. Examine whether snow crab in the northern Bering Sea and higher
estimates of natural mortality are linked.

CSS: The model is fit to mature biomass, which is the metric of management. Mature biomass is generally
farther from the northern border of the surveyed area (Figure 1), so movement back and forth over the
northern border should not be expected to substantially influence fits to those data. (However, it was pointed
out at the CPT meeting that 2019 survey data indicate a ‘hotspot’ of MMB near the northern border, which
is unusual.) Further, natural mortality for immature crab and yearly recruitment are estimated parameters,
which should temper any impact of small crab moving back and forth. Again, this could be addressed
via simulation once the assessment is moved to GMACs by generating data from operating models with
time-varying catchability and/or time-varying natural mortality for immature crab, applying the assessment
methods, and evaluating the ability of the model to estimate catchability and natural mortality (and other
derived quantities used in management).

SSC: Ongoing considerations of catchability/selectivity within the survey area are also encouraged. The
potential interplay of crab spatial distribution and habitat-specific catchability is intriguing. Ezamination of
the effects of environmental conditions on snow crab spatial distribution and habitat-based catchability seems
to be a potential fruitful avenue of research with existing data. Effects of temperature and survey dates on
catchability of yellowfin sole may be a useful case study for comparison.

CSS: In addition to the above responses, I have explored the BSFRF data further in this document and
discuss briefly plans in the immediate future for work related to this question.
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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 2 & Figure 3). Smaller crabs tend to
occupy more inshore northern regions (Figure 4) and mature crabs occupy deeper areas to the south of the
juveniles (Figure 5 & Figure 6; 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 7). 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!.

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 8). 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 5). 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 5: 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 0.27 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 9). 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.

Mating ratio and reproductive success

Bering Sea snow crabs are managed using mature male biomass (MMB) as a proxy for reproductive potential.
MDMB 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.

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
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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 7). These studies include:

1. 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.

7. BSFRF/NMFS holding study 2018; 4 crab.

AN i o

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 estimated exploitation rate for total catch divided by mature
male biomass ranged from 6% to 51% for the chosen model in this assessment (Figure 10).

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 Bjssy, which
is calculated as the average total mature biomass at the time of the survey from 1983 to 1997 and MSST is
one half Byssy. 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 Byssy (Zheng et al. 2002).
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Where TMB is the total mature biomass and TMB gy is the TMB associated with maximum sustainable
yield. The maximum retained catch is set as the product of the exploitation rate, w, 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, Bssy was defined as the average total mature biomass (males and
females) estimated from the survey for the years 1983 to 1997 (921.6 million lbs; 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, Bssg (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 8). 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 2018 was low (12.51 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 mortality was 2.86 kt, which was 23% of the retained catch.

Discard from the directed pot fishery has been estimated from observer data since 1992 and has ranged from
11-55% of the magnitude of retained catch by numbers . In recent years, discards have reached 50-55% 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 11). 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).

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

13


http:numbers.In

C4 Snow Crab SAFE
OCTOBER 2019

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

Updated time series of survey indices and size compositions were calculated from data downloaded from the
AKFIN database. Bycatch data (biomass and size composition) were updated for the most recent year from
the AKFIN database. 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 2018 were used in this analysis (Table 8). 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 the
development of a GMACS model for snow crab.

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 6 for a summary of catch data.

Table 6: Data included in the assessment. Dates indicate survey

year.
Data component Years
Retained male crab pot fishery size frequency by shell condition 1982 - 2018
Discarded Males and female crab pot fishery size frequencey 1992 - 2018
Trawl fishery bycatch size frequencies by sex 1991 - 2018
Survey size frequencies by sex and shell condition 1982 - 2019
Retained catch estimates 1982 - 2018
Discard catch estimates from crab pot fishery 1992 - 2018
Trawl bycatch estimates 1993 - 2018
Total survey biomass estimates and coefficients of variation 1982 - 2019
2009 study area biomass estimates, CVs, and size frequencey for BSFRF and NMFS 2009
tows

2010 study area biomass estimates, CVs, and size frequencey for BSFRF and NMFS 2010
tows
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Survey biomass and size composition data

Abundance was estimated from the annual eastern Bering Sea (EBS) bottom trawl survey conducted by NMFS
(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: Figure 12). 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 this assessment. Total survey numbers (Figure 13 & Figure 14) 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. 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 index to which the model was fit (Table 9). The size composition
data were also fit within the assessment.

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 5) while smaller males have been more
prevalent on the northwest portion of the shelf (Figure 2). Females have exhibited a similar pattern (compare
Figure 3 to Figure 6). 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 15 & Figure 16). 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 16).

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.

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
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these surveys varied over the years as the survey goals changed. In 2009, the survey consisted of 108 tows
in 27 survey stations and the goal was to improve understanding snow crab densities and the selectivity of
NMFS survey gear (Figure 17). 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
NMF'S survey observations; Figure 18 & Figure 19) 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 for a description
of the way in which the surveys are related in the assessment model). Abundances estimated by the industry
surveys were generally higher than the NMFS estimates, which provides evidence that the catchability of the
NMEFS 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 20). Empirical estimates of catchability/selectivity vary by year and size class across the different
BSFRF data sets (Figure 21). The number of snow crab used to develop estimates of numbers at length
probably contribute to these differences among years (Figure 22), 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
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 41 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 (19.1), 366 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
(Table 10 & Table 11). 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.
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In the past a ‘jittering’ approach was used to find the parameter vector that produced the smallest negative
log likelihood (Turnock, 2016). Jittering was implemented here by running each model to produce a .PAR
file, then creating 100 replicates of a .PIN file using that .PAR file. Each .PIN file consisted of the values in
the .PAR file multiplied by a random normal error term with a mean of 1 and a standard deviation of 0.1.
Only values for parameters that are estimated were ‘jittered’. Fach of the .PIN files were used as starting
values to run the model and the output was stored and compared among model scenarios. The model that
returned the lowest negative log likelihood within a given model scenario was then used for comparison here.

Retrospective analyses were performed in which the terminal year of data was removed sequentially from
the model fitting. 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) 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 to quantify
the retrospective patterns.

Model selection and evaluation

Models were evaluated based on their fit to the data (Table 12), the credibility of the estimated population
processes, stability of the model (Figure 23), the magnitude of retrospective patterns (Figure 24), and the
strength of the influence of the assumptions of the model on the outcomes of the assessment. Maximum
likelihood estimates of parameters can be seen in Table 11.

Results

Several of the models exhibited unstable behavior when jittered (Figure 23). Models appeared to ‘converge’
(i.e. returned small gradients) over a range of likelihood values and derived management quantities exhibited
bimodality to some degree for several models. This bimodality has been linked to the change point growth
model in the past (Turnock, 2016; Szuwalski, 2017 & 2018). The model that provided the most stable
estimates of management quantities was model 19.5, in which the male growth curve was forced to be linear.

All models for which retrospective analyses were performed displayed retrospective patterns (Figure 24).
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). No model produced the
lowest retrospective patterns for both sexes; 19.7 (higher M and linear growth for males) performed best for
males and 19.5 (linear growth for males) performed best for females.

Below, the fits to the data and estimated population processes for all considered models are described. The
data for all eight models were the same, consequently the likelihoods can be directly compared.

Fits to data
Survey biomass data

Fits to the survey mature male biomass were visually similar for all models for the majority of years in
the the time series (Figure 25). Model 19.4 (linear female growth) fit the survey biomass data somewhat
better as seen through the likelihoods. The updated survey data did not increase as much as expected given
previous years’ numbers at length, which caused a revision of the most recent years of MMB downward (see
Figure 24). All models fits exceeded the final year of observed survey MMB (169.108 kt) and observed survey
MFB (110.429 kt).
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Growth data

A range of growth curves were estimated to fit the female growth increment data (Figure 26), depending upon
the assumed functional form and the prior on M. Two models produced roughly linear growth for females:
19.3 (highest M) and 19.4 (assumed female linear growth). Presumably, with the higher M, larger individuals
were able to be killed within the model more quickly, which allowed the model to accommodate larger growth
increments at larger sizes. Model 19.3 produced by far the best fits to the female growth data (Table 12). It
should be noted that much of the ‘fit’ improved here is to data that are outside of the size range modeled by
the assessment.

Models 19.5 and 19.7 both produced linear growth curves for males, but were also both forced to be linear.
All models fit the male growth data similarly (Table 12). Notably, the model in which linear growth was
forced for males (19.5) had the most stable performance under the jittering analysis in terms of spread of
‘converged’ models. Model 19.7 also produced the smallest retrospective patterns for MMB of the models
analyzed (Figure 24).

Catch data

Retained catch data were fit by all models well, with no visually discernible differences among models
(Figure 27). Female discard data were fit adequately given the specified uncertainty (Figure 27 & Table 12).
Male discard data during the period for which data exist (early 1990s to the present) were well fit by every
model with little visually discernible difference (Figure 27), though model 19.6 fit the data best as seen
through the likelihoods (Table 12). Fits to the trawl data were adequate for all models given the uncertainty
in the data (Figure 27).

Size composition data

Retained catch size composition data were visually well fit by all models (Figure 28); total catch size
composition data were similarly well fit (Figure 29). Retained and total catch size composition length
composition data were fit similarly by most models, except 19.5 and 19.7, which both had linear growth for
males and produced slightly poorer fits (e.g. neg log like 1031 vs 1025). Trawl size composition data were
generally well fit, with several exceptions in certain years. Higher M allowed for slightly better fits to the
trawl composition data (Figure 30 & Table 12).

Fits to size composition data for the BSFRF survey selectivity experiments produced some notable runs of
positive and negative residuals for the males in particular (Figure 31). The number of males was generally
underestimated by the industry survey in 2009 and overestimated by the NMFS survey, while the opposite
pattern was seen for females. Fits to the 2010 survey size composition data were better than the 2009 fits.

Size composition data for the NMFS survey were generally well fit and fits were visually similar for all models
(Figure 32 & Figure 33). The distribution of residuals for male and female survey composition data for the
chosen model varied by sex. Size composition data for females tended to be overestimated for larger size
classes (Figure 34), whereas a pattern for males was less clear (Figure 35). Models with higher M or estimated
variability around the growth increment fit the survey composition data better for most size composition
data sources according to the likelihoods (Table 12).

Estimated population processes and derived quantities

Estimated population processes and derived quantities varied among models. Projected MMB for 2019 ranged
from 123.07 to 174.87 kt (Figure 36). For the author preferred model (19.7), estimated fishing mortality in
the recent past has been below F 354, save the years 2014-2015, which exceeded F 354 (Figure 37). Estimated
MMB has been less than B g5 since 2011, and estimates suggest that the population may have been beneath
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MSST in the recent past (Figure 37). However, the most recent estimated MMB reversed this trend and
estimated MMB is currently near Bgsg for the author preferred model (19.7).

Estimates of selectivity and catchability varied among models (Figure 38). Estimated catchability in both
eras was lower for males than for females. In era 1 (1982-1988), catchability ranged from 0.42 - 0.53 for
males; for females, it ranged from 0.69 - 0.75. In era 2 (1989-present), catchability ranged from 0.7 - 0.83
for males; for females, it was 1 for all models. Estimated size at 50% selection in the survey gear for era 1
ranged from ~40 mm to ~42 mm for both females and males. Size at 50% selection in the survey gear during
era 2 ranged from 36 mm to 38 mm for females and 35 mm to 39 mm for males. The BSFRF ‘availability’
curves varied from 2009 to 2010 and among models, with the availability of crab to the experimental survey
generally increasing in 2010 (Figure 39).

In general, the shape of the curve representing the probability of maturing for both sexes was consistent,
but the magnitude of the probabilities varied slightly. For all models, the probability of maturing by size
for female crab was ~50% at ~47.5 mm and increased to 100% at ~60mm (Figure 40). The probability of
maturing for male crab was ~15% to 20% at ~60 mm and increased sharply to 50% at ~97.5mm, and 100%
at 107.5 mm. The region from 60 mm to 90 mm male carapace width displayed the largest differences in
estimates of the probability of maturing among models.

Estimated fishing mortality in the directed fishery was similar for all models, except for in the most recent
years. In those year, the 2018 model (18.1) estimated lower fishing mortality, which is probably related
to lower estimates of MMB compared to models with 2019 data (Figure 41). Total and retained fishery
selectivity was very similar for all models because of the weight put on the retained catch and its associated
size composition data (Figure 41). Estimated size at 50% selection in the trawl fishery varied more than
selectivity in the directed fishery, ranging from 110 - 111 mm (Figure 41). Size at 50% selection for discarded
females was similar for all models (Figure 41).

Patterns in recruitment by sex were similar for all models (Figure 42). A period of high recruitment was
observed in which 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 2013. All models indicated
a large (relative to the past) recruitment to the survey gear occurred around 2013. Recruitment entering
the model was placed primarily in the first three size bins, except for model 19.6 (Figure 42). Although
model 19.6 (estimating separate distributions for recruitment by sex) fit the data better overall than 19.1,
the differences among the estimated recruitment by sex did not change. Stock recruitment relationships were
not apparent between the estimates of MMB and recruitment for any model (Figure 42). Relationships were
not apparent between mature female biomass and recruitment either (not shown).

Estimated natural mortality ranged from 0.27 to 0.33 for immature crab, 0.26 to 0.34 for mature male crab,
and 0.34 to 0.48 for mature females (Table 11).

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. F359 and Bsse;). Calculations of F 3594 were made under the assumption that bycatch
fishing mortality was equal to the estimated average value.

Calculated values of F359, and Bgsse were used in conjunction with a Tier 3 control rule to adjust the
proportion of Fg59 that is applied based on the status of the population relative to Bzse, (Amendment 24,
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Bycatch if g < 0.25
Forr = Fos (wifita; —) MMB (2)
T l—a Zf025 < MM B <1
Fjs5 ’LfMMB>MMBg5

Where MMB is the projected mature male biomass in the current survey year after fishing at the Fopy,
MMB 359 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 « determines 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 in the suite of presented models ranged
from 29.74 to 66.07kt (Table 13). Differences in OFLs were a result of differences in estimated MMB (see
above), calculated Bgs¢; (which ranged from 121.27 to 142.77kt; Table 13), F 354 (which ranged from 1.22 to
2.48 yrt; Table 13), and Fopy, (which ranged from 1.04 to 2.48 yr!; Table 13). Changes in the prior on M
strongly influenced the resulting reference points.

G. Calculation of the ABC

The acceptable biological catch (ABC) was set by subtracting a 20% buffer from the OFL to account for
scientific uncertainty, as recommended by the SSC.
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Author recommendations

When considering overall fit, retrospective patterns and stability of the model under jittering, there is no
clear winner among the presented scenarios. Model 19.3 (highest M) fit the data best, model 19.7 (high
M + linear male growth) had the smallest retrospective patterns for males, and model 19.5 was the most
stable under jittering. Among the models presented, the key choices are between natural mortality priors and
functional forms of growth.

Natural mortality should be higher than assumed in the past, given empirical meta-analyses and survey data
for mature individuals not selected by the fishery. However, given confounding with other parameters and
the large impact on management advice, it may be wise to chose a more precautionary prior for M in the
assessment until other confounded processes are explored more fully.

The question of using a linear growth curve or kinked growth curve does not have a clear answer. It makes
sense that maturing individuals would grow less. It has been noted in previous assessments that growth data
from maturing individuals were thrown out because the increments were smaller than others. However, the
current growth function does not capture this process because it is kinked at a specific size and the molt to
maturity occurs over a range of sizes. The kinked growth curve has also been a sources of model instability to
this point. 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.

Given these observations, the author preferred model is 19.7. Natural mortality should be higher than
previously assumed and the instability of the kinked growth curve overshadows any perceived (though
potentially misguided) realism introduced.

H. Data gaps and research priorities

Methodology

Moving to GMACS is currently the highest priority for the snow crab assessment.

Data sources

Efforts should continue to incorporate as many raw data sources as possible in the assessment. Estimating
parameters outside of the model and inputting them as ‘known’ artificially decreases the uncertainty
represented in the standard errors of management quantities. In addition to pulling as much data into the
model as possible, continuing to standardize and automate the creation of data files from the survey and
catch databases would be very useful given the short time frame of the assessment cycle, but this is currently
difficult for the catch data. Procuring all available growth data (including previously excluded points and
information about maturity state) would facilitate implementing a more sensible ‘kinked’ growth curve.

Modeling and weighting

In theory, we have data to inform all of the confounded processes. Catchability is informed by the BSFRF
studies. Natural mortality is informed by the survey length composition data as a result of large portions
of the population being unfished. Recruitment is also informed by the survey length composition data and
growth is increasingly well characterized due to the efforts of the NMFS shellfish assessment program. In spite
of these data, changing the prior on M can result in large changes in many different estimated population
processes. This suggests that data weighting is a key hurdle to providing management advice using this
assessment and needs to be carefully considered. Some data weighting issues will be more easily explored
within GMACS.
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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. Rodionov, 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.

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
highly correlated with the Arctic Oscillation (AO) and the AO is significantly correlated with estimated snow
crab recruitment (Figure 43). 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 improve-
ments 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
uncertainty around whether or not the environment or the fishery precipitated changes in recruitment, the
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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: Model structure

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.

sbf)\&u if v = new; m = mat, s = fem
1-— ;’f’fAs,l,z if v.= new; m = imat, s = fem
Nowmy=11= (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,  if v = new; m = mat, s = male

As;2q  if v = new; m = imat, s = male
Ns,v,'rn,y:l,l = (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 s Qs imat,y,l Xs,i7 1 if v = new; m = mat
1= siks Qs imat,y s Xsi + Recy Pry it v .= new; m = imat
Nsvmy+10 = (5)
Qs mat,y,l’ if v. = old; m = mat
(1 - Hs,l')Qs,i'rnat,y,l/ if v = Old7 m = imat

Where ,; was the probability of maturing at length [ for sex s (a freely estimated vector for both males and
females constrained by penalties on smoothness and a prior in some scenarios), £ » 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 !’ to size [ for sex s. Qg m,y,i> Was the
number of crab of sex s, maturity state m, and length I’ surviving natural and fishing mortality during year y:

Z
Qi = D Nowamyae”0! (6)
v

Where Ny 4 m,y,1 represented the numbers, N, of sex s during year y of shell condition v and maturity state m
at length I Z, y 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, Fy ¢, ;
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 Vnqtas,m Was
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estimated subject to constraints (see Table 10; this formulation effectively specified a mean and standard
deviation for a prior distribution for M).

Zs vyt = TnatsdmMom + Y Ss 151 Fs . (7)
f

Selectivities in the directed and bycatch fisheries were estimated logistic functions of size. Different selectivity
parameters were estimated for females and males in the directed fisheries (Sfem, air,i a00d Simate, dir,1, Tespectively),
a single selectivity for both sexes was estimated for bycatch in the groundfish trawl fishery (Sirwii), and a
retention selectivity was estimated for the directed fishery for males (R g;r,;; all females were discarded).

Smale,dir,] = 1+ e_Sslope,,,],;,d(Ll—S50,nb,d) ®)
Sftem.dir,l = 14 e*Sszope,lf,d(szsso,f,d ) ©)
Strawl,l =1 n e_ssloj&t(Ll—Sso,f, ) 10
Rairy = : ) (n

1+ e—Sstope,m,a(L1—S50,m,d

Where Sgiope,s,r Was the slope of the logistic curve for sex s in fishery f and S5y 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 s, ;, applied to a given sex s in a fishery
f times the biomass removed by all fisheries for that sex.

RlFmale dir,y,l

. ) Y, -4, Ms - F‘rnu. e,dir, +F rawl,?

Cmale,dir,y = § E E wmale,lF Nmale,v,m,y,le Y m(l —€ ( te,dimy, LT l’y'l))
l v

m male,dir,y,l+ Firawl,y,1

(12)

Fmale dir

_ ydiryy,l —dy M —(Fmale,dir,y,itFtraw

Cmale,tot,y = E E E wmale’lF Nmale,v,m,y,le y ,m(l — e ( le,dir,y,itHe l,y,l))
l voom

male,dir,y,l+ Firawi,y,1

(13)

Ffem dir

_ Jdir,y,l —6y My, —(Frem,dir,y,1+Ftraw

Crem,diry = E E E wfem’lF Nyem,vm,yie” m(l—e (Ffem,dir,y,1tFt l,y,z))
; i fem,dir,y,l4+Firawi,y,1

—0y Mg m —(Firawl,y,1
Cm+f,trmul,y = E g g g ws,le,v,m,y,le e (1 —€ (i I"N)) (15)
s l voom

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!%9) with yearly deviations around that mean

avg
l
(Fdzg,y)'

lo lo
Ff,y — e(FauZ,f_‘—Fdeg,f,y) (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% (ss0,s,e and sgs s,e, 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.

gs,e
Ssur'u,s,l,e = : L,—550.5.0 ) (17)
1+ e—log(19)

595,5,e —550,s,¢

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, S{’"ee (subject to a scaling parameter), and a logistic curve was
estimated for females.

dind,s,y 3
— if s = female
—log(19) L —550,5,y )

Sind,sly = 1+e o500y (18)
Qind,s,y Sy ¢ 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, Sgurv,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.

Snmfs,s,l,y = ind,s,l,yssurv,s,l,y (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 = Z wmale,leale,v,mat,y,l (20)
l,v

FMBy =Y wemiNrem,vmat.y. (21)
l,v

Ws,1 :awt,sLlet’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 oy, s and [, s were 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 [ (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, (ﬁi;ed and ﬁf ,OZSt, respectively) and the variability around that relationship was characterized
by a discretized and renormalized gamma function, Y, ;.

Yo

Xojy = ="+— 23

o Zz/ Yo (23)
L;ﬁl—(il—Z.S)

Yo = (Ay) Bs (24)

L7950 = o, 4+ oL (25)
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igzst,2 =as+ 5s(ﬁs71 - /65,2) + 6372Ll (26)

. N L;— 4 N L;—6
Lpost _ Lpost,l 1-® l a,r Lpost,2 o l a,r 27
s,l s,l ( ( Stgr )) + s,l ( ( Stg?" )) ( )
Al,l’ = I/l/ + 25 - Ll (28)

ﬁgf’ft’l and ﬁ§33t’2 were predicted post-molt lengths from each piece of the piece-wise relationship, and ®()
was a cumulative normal distribution in which d, , was 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.

Rec, = e(RecavgtRecaes y) (29)

(Al l)a'r'ec/ﬁrec e_Al,l///BT‘eC
Zl’(Al l/)am/ﬂme(fAl,w/ﬁm)

Pr = (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).

Likelihood components

Three general types of likelihood components were used to fit to the available data (Table 14). 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:

LI:ATZN;,fprxylln pT yJ/pa:,yl) (31)
Y

L, was the likelihood associated with data component x, where A, represented an optional additional
weighting factor for the likelihood, N;f f was the effective sample sizes for the likelihood, p"bsl was the
observed proportion in size bin [ during year y for data component z, and p, ,; was the predlcted proportion
in size bin [ during year y for data component z. 10 multinomial likelihood components were included in the
assessment (see Table 14 for descriptions, weighting factors, and effective sample sizes).

Iterative methods for determining appropriate effective samples sizes for composition data are suggested to
avoid over-weighting the size composition data and washing out the signal from the indices of abundance.
Although the code has the capability to implement these methods, they were not used for this assessment.

Log normal likelihoods were implemented in the form:

—In 2
z = A Z CV2 e )))) (32)
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L, was the contribution to the objective function of data component z, A, was any additional weighting
applied to the component, IAMJ was the predicted value of quantity I from data component x during year y,
I, was the observed value of quantity / from data component z during year y and CV,, was the coefficient
of variation for data component x during year y. 5 log normal likelihood components were included in this
assessment (see Table 14 for descriptions, weighting factors, and CVs).

Normal likelihoods were implemented in the form:
Lo =X Y (Ioy —Iny) (33)
Yy

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), fly was the predicted value of quantity
I from data component = during year y, I, , was the observed value of quantity I from data component
x during year y. 12 normal likelihood components were included in the base assessment (see Table 14 for

descriptions, weighting factors, and translated standard deviations).

Smoothing penalties were also placed on some estimated vectors of parameters in the form of normal likelihoods
on the second differences of the vector.
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Table 7: Observed growth increment data by sex
Female premolt Female postmolt Male premolt Male postmolt
length (mm) length (mm) length (mm) length (mm)

20.7 27 57.63 68.6
25.2 32 20.6 28.9
28.7 37.1 25.6 314
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 27.7 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 29.4 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 27.4
21.25 28.73

21.94 28.71
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Female premolt Female postmolt Male premolt Male postmolt
length (mm) length (mm) length (mm) length (mm)

23.09 29.26

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

47.9 61.4

20.6 25.1

20.8 27.6

22 28.2

22.9 28.6
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Table 8: Observed retained catches, discarded catch, and bycatch.
Discards and bycatch have assumed mortalities applied.
Trawl
Retained catch Discarded Discarded males bycatch
Survey year (kt) females (kt) (kt) (kt)

1982 11.85 0.02 1.27 0.37
1983 12.16 0.01 1.24 0.48
1984 29.94 0.01 2.76 0.51
1985 44.45 0.01 4.01 0.44
1986 46.22 0.02 4.25 1.88
1987 61.4 0.03 5.52 0.01
1988 67.79 0.04 5.82 0.67
1989 73.4 0.05 6.68 0.78
1990 149.1 0.05 15.21 0.6
1991 143 0.06 12 1.88
1992 104.7 0.12 17.06 1.78
1993 67.94 0.08 5.32 1.76
1994 34.13 0.06 4.03 3.54
1995 29.81 0.02 5.75 1.34
1996 54.22 0.07 7.44 0.92
1997 114.4 0.01 5.73 1.47
1998 88.09 0.01 4.67 1.01
1999 15.1 0 0.52 0.61
2000 11.46 0 0.62 0.53
2001 14.8 0 1.89 0.39
2002 12.84 0 1.47 0.23
2003 10.86 0 0.57 0.76
2004 11.29 0 0.51 0.95
2005 16.77 0 1.36 0.36
2006 16.49 0 1.78 0.83
2007 28.59 0.01 2.53 0.43
2008 26.56 0.01 2.06 0.27
2009 21.78 0.01 1.23 0.63
2010 24.61 0.01 0.62 0.17
2011 40.29 0.18 1.69 0.16
2012 30.05 0.03 2.32 0.22
2013 24.49 0.07 3.27 0.12
2014 30.82 0.17 3.52 0.16
2015 18.42 0.07 2.96 0.16
2016 9.67 0.02 1.31 0.08
2017 8.6 0.02 1.93 0.02
2018 12.51 0.02 2.86 0.02
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Table 9: 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 Cv 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 0.18 139.3 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 0.18 162.8 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 131.4 0.18 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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Parameter Lower Upper Symbol
af -100 5 oy

am -50 5 Oy,

bf 1 10 By
bm 1 5) Bm 1

bl 1 1.5 B2

bfl 1 2 ﬁm,?
deltam 10 50 Om
deltaf 5 50 Of
st_gr 0.5 0.5 stgr
growth_ beta 0.749 0.751 By
mateste -6 -le-10 m,l
matestfe -6 -le-10 £l
mean_ log_rec “inf” Inf Recgug
rec_ devf -15 15 Recy dgev,y
alphal_rec 11.49 11.51 Qrec
beta_ rec 3.99 4.01 Brec
mnatlen_ styr -3 15 Amale,v,l
fnatlen_ styr -10 15 Afem,v,l
log_avg fmort “-inf” Inf ézgg,dir
fmort_ dev -5 5 égg Jdiry
log_avg fmortdf -8 -le-04 (ﬁﬁ’é,disc
fmortdf_dev -15 15 dev.disc.y
log_avg_ fmortt -8 -le-04 (i(z))i]),trawl
fmortt dev_eral -15 15 F (izz,traw Leral
fmortt_ dev_ era2 -15 15 ;‘;iimw Lera2
log avg sel50_mn 4 5 S50,new,dir
log_avg sel50__mo 4 5 S50,01d,dir
fish_slope_mn 0.1 0.5 Ssiope,m.d
fish_fit_slope_mn 0.05 0.5 Ssiope,m.d
fish fit_sel50 mn 85 120 S50,0ld,dir
fish_slope_mo?2 1.9 2 Ssiope,m,d
fish sel50 mo?2 159 160 S50,01d, dir
fish_slope_mn2 0.01 2 Sslope,m,d
fish sel50 mn2 100 160 S50,01d,dir
fish_disc_slope_f 0.1 0.7 Sslope,m,d
fish disc_sel50 f 1 5 S50,01d,dir
fish_ disc_slope_ tf 0.01 0.3 Ssiope,trawl
fish disc_sel50 tf 30 120 S50, trawl
SI’Vliq 0.2 1 dm,eral,surv
SI‘Vliqif 0.2 1 qdf.eral,surv
SI‘V1786195 30 150 595,67'111 ,SUTV
stvl  sel50 0 150 S50,eral,surv
SI’VQ_q 0.2 1 dm,era2,surv
SYV27q7f 0.2 1 qdf.era2,surv
SI‘V27S€195 50 160 S95,era2,sur'u
SI‘V27$€150 0 80 SSO,ET@Q,SU,T'L)
srv3_q 0.2 1 dm,era3,surv
SI‘V3_S€195 40 200 SQE},m,craQ,surv
SI'V3756150 25 90 SBO,m,eraQ,surv
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Parameter Lower Upper Symbol
SYV37q7f 0.2 1 qdf.era3,surv
srv3_ sel95 f 40 150 S95, f,era2, surv
SI‘V37$€1507f 0 90 S5O,f,era2,surv
srvind__q 0.1 1 qm,09,ind
srvind_q f 0.01 1 qf,09,ind
srvind_sel95 f 55 120 S95,£,09,ind
srvind__sel50_f -50 110 S50, £,09,ind
srleiniq 0.1 1 dm,10,ind
srv10ind_q f 0.01 1 qf,10,ind
selsmo10ind -4 -0.001 SelVecMaleInd09
selsmo09ind -4 -0.001 SelVecMaleInd10
Mmult_imat 0.2 2 YnatM,imm
Mmult 0.2 2 YnatM,mat,m
Mmultf 0.2 2 YnatM,mat, f
cpueq 0.0000877 0.00877 Gepue
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Table 11: Estimated parameter values by scenario (these are maxi-

mum likelihood estimates)
Parameter 18.1 19.1 19.2 19.3 19.4 19.5 19.6 19.7
af -1.46 -0.77 -0.8 2.49 -0.36 -0.77 -0.77 -0.8
am -0.78 -0.76 -0.76 -0.75 -0.77 3.52 -1.28 3.49
bf 1.35 1.32 1.32 1.18 1.31 1.32 1.32 1.32
bm 1.36 1.36 1.36 1.36 1.36 1.2 1.38 1.2
bl 1.17 1.17 1.17 1.17 1.17 1.17
bfl 1.04 1 1 1.34 1 1 1
deltam 32.53 32.52 32.55 32.57 32.53 33.01
deltaf 41.1 44.42 44.4 26.16 44.42 44.4 44.4
mateste vector vector vector vector vector vector vector vector
matestfe vector vector vector vector vector vector vector vector
rec_ devf vector vector vector vector vector vector vector vector
mnatlen_ styr vector vector vector vector vector vector vector vector
fnatlen_ styr vector vector vector vector vector vector vector vector
log avg fmort -0.17 -0.05 -0.08 -0.13 -0.07 0.01 0.11 -0.04
fmort_dev vector vector vector vector vector vector vector vector
log avg fmortdf -5.62 -5.61 -5.62 -5.93 -5.82 -5.61 -5.59 -5.62
fmortdf dev vector vector vector vector vector vector vector vector
log _avg_fmortt -4.62 -4.62 -4.65 -4.66 -4.59 -4.58 -4.48 -4.59
fmortt__dev__eral vector vector vector vector vector vector vector vector

fmortt _dev_era2 vector vector vector vector vector vector vector vector
log_avg_ selb0_mn  4.66 4.66 4.66 4.66 4.66 4.66 4.66 4.66

fish_slope_mn 0.19 0.2 0.2 0.2 0.2 0.2 0.21 0.2
fish_fit_slope_mn 0.43 0.45 0.44 0.44 0.45 0.45 0.43 0.45
fish fit sel50 mn 96.14 96.14 96.18 96.23 96.17 96.04 95.87 96.09
fish_ disc_slope_f 0.26 0.25 0.25 0.26 0.26 0.25 0.25 0.25
fish_disc_sel50 f 4.25 4.26 4.25 4.23 4.23 4.26 4.26 4.25
fish_disc_slope_ tf 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
fish_disc_sel50 tf 110.18 110 110.26 111.32 111.23 110.44 111.7 111.34
srvl_q 0.63 0.49
srvl_q f 0.58 0.56
srvl_sel95 63.79 51.43
srvl sel50 36.51 39.7
srv2_q 0.52 0.53 0.47 0.42 0.52 0.52 0.52 0.46
srv2_q f 0.75 0.73 0.71 0.69 0.73 0.75 0.83 0.73
srv2  sel95 58.85 59.16 61.05 62.22 58.83 60.14 58.27 62.1
srv2_ sel50 39.99 40.22 41.5 42.5 40.08 40.86 41.43 42.18
srv3_q 0.78 0.82 0.76 0.69 0.8 0.82 0.85 0.74
srv3_sel95 49.04 49.19 52.71 56.63 49.28 51.3 48.9 55.21
srv3_ sel50 34.94 35.06 36.76 38.62 35.08 35.75 37.02 37.66
srvd_q f 1 1 1 1 1 1 1
srv3_sel95 f 47.2 47.25 48.59 49.94 47.34 47.24 47.25 48.6
srv3_sel50 f 36.1 36.08 37.13 38.24 36.11 36.06 35.99 37.12
srvind__q 1 1 1 1 1 1 0.29
srvind_q f 0.16 0.16 0.16 0.17 0.16 0.16 0.16
srvind__sel95_ f 54.56 54.73 55.31 55.94 59.92 54.75 55.42 55.3
srvind_sel50 f 49.79 49.9 50.25 50.65 52.82 49.91 50.25 50.24
srv10ind_q f 1 1 1 1 1 1 1 1
selsmo10ind vector vector vector vector vector vector vector vector
selsmo09ind vector vector vector vector vector vector vector vector
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Parameter 18.1 19.1 19.2 19.3 19.4 19.5 19.6 19.7
Mmult imat 1.18 1.19 1.15 1.1 1.18 1.19 1.22 1.15
Mmult 1.14 1.14 1.11 1.09 1.14 1.14 1.14 1.12
Mmultf 1.57 1.58 1.51 1.46 1.59 1.58 1.59 1.52
cpueq 0 0 0 0 0 0 0 0
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Table 12: Contribution to the objective function by individual

likelihood component by modeling scenario. Values in columns

after Model 0 are the likelihood contribution of Model 0 minus

the likelihood contribution of the model in the column. Positive

values represent improvements in fit. Note that some of the model

scenarios involve changing the weightings of data sources which

invalidate the comparison of likelihoods for a data source among

models.
Likelihood
component 18.1 19.1 19.2 19.3 19.4 19.5 19.6 19.7
Recruitment 70.18 76.44 73.97 71.51 77.46 77.56 72.88 75.39
deviations
Initial 4.62 4.56 4.52 4.47 4.58 4.59 4.46 4.54
numbers
old shell
males small
length bins
ret fishery 320.96 324.51 323.97 323.91 324.8 333.85 321.1 332.48
length
total fish 920.93 1026.1 1025.41 1025.39  1026.73  1031.87  1017.57  1030.93
length (ret
+ disc)
female fish 241.32 250.83 250.1 247.63 247.19 250.85 251.65 250.13
length
survey 4293.05  4420.93  4373.35  4399.53  4458.89  4420.38  4418.77  4375.12
length
trawl 300.15 334.82 326.69 323.85 334.72 331.99 344.82 323.33
length
2009 -92.24 -91.85 -92.65 -93.44 -82.19 -91.96 -91.58 -90.12
BSFRF
length
2009 NMFS  -75.15 -74.48 -75.19 -74.77 -70.48 -74.56 -74.07 -74.44
study area
length
M 77.61 79.37 59.43 43.27 80.69 79.53 85.17 61.1
multiplier
prior
maturity 43.65 46.55 43.9 41.08 45.2 51.25 48.41 47.66
smooth
growth 140.07 140.59 139.96 139.09 140.8 140.91 137.36 139.69
males
growth 394.96 367.22 365.5 333.96 390.95 367.43 367.15 365.66
females
2009 0.47 0.57 0.43 0.28 4 0.55 0.61 0.27
BSFRF
biomass
2009 NMFS 0.22 0.27 0.19 0.11 9.44 0.28 0.33 0.26
study area
biomass
cpue q 0.21 0.35 0.35 0.35 0.34 0.36 0.39 0.36
retained 3.65 4.53 4.55 4.59 4.57 4.98 3.13 5
catch
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Likelihood
component

18.1

19.1

19.2

19.3

19.4

19.5

19.6 19.7

discard
catch
trawl catch
female
discard
catch
survey
biomass

F penalty
2010
BSFRF
Biomass
2010 NMFS
Biomass
Extra
weight
survey
lengths first
year

2010
BSFRF
length
2010 NMFS
length
smooth
selectivity
smooth
female
selectivity
init nos
smooth
constraint
Total

116.77

6.95

4.17

207.32

23.51

9.58

3.44

047.47

-51.66

-64.14

2.44

43.32

7493.83

96.71

9.81
4.34
220.47
26.37

7.35

6.07

546.8

-49.86

-62.74

2.23

43.01

7761.87

100.74

9.44
4.33
214.63
25.96

6.21

5.44

546.25

-50.61

-64.22

2.23

43.2

7668.08

105.08

9.14
4.32
211.66
25.51

6.34

3.14

543.9

-50.52

-67.53

2.46

43.41

7627.72

97.84

9.73
4.35
220.48
26.13

10.65

3.36

545.12

-50.33

-65.28

1.92

43.1

7844.76

107.55

9.55

4.32

223.98

28.54

7.22

6.04

546.94

-49.42

-62.74

2.11

43.54

7797.49

40.05 112.09

9.79 9.11

4.28 4.31

221.62 218.62

29.68 27.74

7.05 7.92

6.52 3.34

047.24 546.55

-49.41 -51.15

-61.66 -66.72

2.01 0.93

41.76 43.87

7707.08  7703.97
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Table 13: Changes in management quantities for each scenario
considered. Reported management quantities are derived from
maximum likelihood estimates.

Model MMB B35 F35 FOFL OFL
18.1 85.84 142.8 1.22 1.04 29.74
19.1 100.5 133.7 1.24 1.24 45.47
19.2 110.8 125.2 1.71 1.71 54.07
19.3 125.7 121.3 2.48 2.48 66.07
19.4 104.5 135.2 1.3 1.3 47.77
19.5 97.41 132.9 1.31 1.31 44.18
19.6 91.75 129.7 1.37 1.37 39.57
19.7 111.4 126.1 1.93 1.93 54.92
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Table 14: Likelihoods form and weighting for each likelihood com-
ponent for models in the analysis (continued below)
Likelihood
component Form 18.1 19.1
Recruitment normal 0.71 0.71
deviations
Initial numbers normal 707.1 707.1
old shell males
small length bins
ret fishery length multinomial 200 200
total fish length multinomial 200 200
(ret + disc)
female fish length multinomial 200 200
survey length multinomial NA NA
trawl length multinomial 200 200
2009 BSFRF multinomial 200 200
length
2009 NMFS study multinomial 200 200
area length
M multiplier prior normal 0.23 0.23
maturity smooth normal 3.16 3.16
growth males normal 0.71 0.71
growth females normal 0.32 0.32
2009 BSFRF lognormal NA NA
biomass
2009 NMFS study lognormal NA NA
area biomass
cpue q normal 0.32 0.32
retained catch normal 0.22 0.22
discard catch normal 3 3
trawl catch normal 0.22 0.22
female discard normal 17 17
catch
survey biomass lognormal NA NA
F penalty normal 0.5 0.5
2010 BSFRF lognormal NA NA
Biomass
2010 NMFS lognormal NA NA
Biomass
Extra weight multinomial 200 200
survey lengths
first year
2010 BSFRF multinomial 200 200
length
2010 NMFS multinomial 200 200
length
smooth selectivity norm?2(firstdiff(first Diff)) 2 2
smooth female norm2(firstdiff(firstDiff)) 3 3
selectivity
init nos smooth norm2(firstdifference) 1 1
constraint
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19.2 19.3 19.4 19.5 19.6 19.7
0.71 0.71 0.71 0.71 0.71 0.71
707.1 707.1 707.1 707.1 707.1 707.1
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3.16 3.16 3.16 3.16 3.16 3.16
0.71 0.71 0.71 0.71 0.71 0.71
0.32 0.32 0.32 0.32 0.32 0.32
NA NA NA NA NA NA
NA NA NA NA NA NA
0.32 0.32 0.32 0.32 0.32 0.32
0.22 0.22 0.22 0.22 0.22 0.22
3 3 3 3 3 3
0.22 0.22 0.22 0.22 0.22 0.22
17 17 17 17 17 17
NA NA NA NA NA NA
0.5 0.5 0.5 0.5 0.5 0.5
NA NA NA NA NA NA
NA NA NA NA NA NA
200 200 200 200 200 200
200 200 200 200 200 200
200 200 200 200 200 200
2 2 2 2 2 2
3 3 3 3 3 3
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Table 16: 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 chosen 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 estimates of the underlying population).
These are maximum likelihood estimates.

Survey Male >101  Male >101 Male >101 Male >101
year FMB MMB biomass (millions) FMB MMB biomass (millions)
1982 70.62 125.3 26.15 49.75 112.6 275.2 52.94 100.7
1983 55.72 133.5 45.99 82.08 87.39 293.2 93.13 166.2
1984 40.17 139 61.99 106.2 63.05 305.8 125.5 214.9
1985 34.73 130 61.08 103.1 54.92 286.8 123.7 208.7
1986 43.19 113.7 42.62 71.88 68.99 252.2 93.1 157
1987 103.4 113.3 34.85 60.64 167.3 253.2 76.13 132.5
1988 229.2 210.7 37.85 66.18 235.2 287.1 82.7 144.6
1989 226.1 255.1 47.41 82.7 231.4 347.5 103.6 180.7
1990 185.4 318.3 71.68 124.1 189.6 432.4 156.6 271
1991 156.7 299.2 66.13 114.9 160.4 406 144.5 251
1992 143.4 249.7 54.55 94.72 146.9 338.8 119.2 206.9
1993 148.4 210.8 75.05 127 152.2 287.2 101.2 171.3
1994 163 181.2 44.44 73.77 167.2 2477 59.93 99.49
1995 171 202.5 40.35 71.55 175.3 275.9 54.41 96.49
1996 150.7 282.2 102.5 179.8 154.1 382.9 138.2 242.4
1997 117.6 333.7 170.1 286.1 120.2 451.9 229.4 385.8
1998 89.77 247.2 120.3 199.1 91.76 334.8 162.2 268.4
1999 72.81 151.3 57.25 96.07 74.48 205.2 77.21 129.6
2000 66.28 118.8 42.03 70.2 67.88 161.4 56.68 94.67
2001 59.53 99.58 30.86 52.32 60.92 135.3 41.62 70.57
2002 50.77 94.02 29.77 51.72 51.93 127.7 40.15 69.75
2003 42.66 99.23 40.38 68.82 43.64 134.7 54.46 92.81
2004 44.83 99.56 44.72 74.41 45.98 135.3 60.31 100.3
2005 68.94 96.6 39.02 64.78 70.92 131.5 52.62 87.36
2006 84.16 103.3 35.42 60.5 86.31 140.7 47.77 81.58
2007 84.23 129.5 49.43 85.08 86.27 176 66.67 114.7
2008 73.43 151.6 66.55 113.4 75.11 205.6 89.75 152.9
2009 61.29 162.5 80.9 135.7 62.69 220.1 109.1 183.1
2010 94.53 156.6 83.82 138.9 97.31 2121 113 187.3
2011 117 132.2 68.32 112.5 120.1 179.2 92.13 151.7
2012 109.7 95.54 37.6 63.55 112.3 129.7 50.7 85.7
2013 94.59 80.82 27.74 48.5 96.78 109.7 37.41 65.41
2014 84.46 74.81 29.17 49.98 86.47 101.5 39.34 67.41
2015 76.09 55.14 18.15 30.83 77.89 74.93 24.48 41.58
2016 82.03 46.91 11.44 19.57 84.15 64.22 15.43 26.39
2017 124.5 62.69 11.01 19 128.1 86.61 14.85 25.62
2018 176.6 109.1 18.69 33.11 181.5 149.9 25.2 44.66
2019 173.6 195.3 55.06 97.55 177.7 266 74.26 131.6
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Table 17: Maximum likelihood estimates of predicted mature male
biomass at mating, mature female biomass at mating (in 1000 t),
recruitment (millions) from the chosen model, and estimated fully-
selected total fishing mortaltiy. These are maximum likelihood

estimates.
Mature
Mature male female Fishing
Survey year biomass biomass Recruits mortality
1982 214.3 87.14 191.9 0.39
1983 229.5 67.63 544.5 0.22
1984 221.8 48.79 1288 0.42
1985 191.2 42.5 5409 0.7
1986 159.6 53.38 2284 1.09
1987 146.1 129.5 1077 2.45
1988 169.1 182 463.4 2.54
1989 214.3 179.1 1196 1.88
1990 209.2 146.7 1134 4.01
1991 1924 124.1 1800 4.65
1992 175.4 113.6 1909 3.16
1993 168.2 117.7 1584 1.81
1994 167.2 129.3 360.4 1.36
1995 197.8 135.6 281.2 1.18
1996 263 119.3 307.7 0.78
1997 258.9 92.98 422.2 1.11
1998 186.3 71 593.9 1.27
1999 153.8 57.63 301.3 0.33
2000 121.2 52.53 245.6 0.35
2001 96.18 47.15 223.4 0.69
2002 92.41 40.19 680 0.6
2003 100 33.77 1596 0.34
2004 99.84 35.58 744.3 0.32
2005 91.42 54.89 619.1 0.6
2006 99.31 66.79 282.3 0.66
2007 117 66.76 315.7 0.88
2008 143.5 58.13 2664 0.55
2009 159.9 48.51 889.3 0.34
2010 150.5 75.31 480.1 0.38
2011 107 92.81 562.4 0.91
2012 76.14 86.89 635.1 1.44
2013 65.68 74.88 486.2 1.66
2014 52.45 66.81 1216 2.45
2015 42.57 60.26 2828 2.28
2016 42.88 65.12 2754 1.57
2017 62.45 99.14 331.6 1.4
2018 111.4 140.4 222 1.05
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Table 18: Maximum likelihood estimates of predicted total numbers
(billions), not subject to survey selectivity at the time of the survey.
These are maximum likelihood estimates.

Total
Survey year numbers

1982 4.843
1983 5.28
1984 5.901
1985 7.484
1986 14.99
1987 15.03
1988 15.27
1989 11.36
1990 9.486
1991 8.037
1992 13.15
1993 12.18
1994 10.79
1995 8.166
1996 6.103
1997 4.644
1998 4.364
1999 4.218
2000 3.494
2001 2.928
2002 2.894
2003 4.052
2004 5.747
2005 5.935
2006 5.462
2007 4.3
2008 3.521
2009 6.082
2010 5.582
2011 4.66
2012 3.936
2013 3.571
2014 3.399
2015 5.681
2016 11.73
2017 13.34
2018 10.2
2019 7.706
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Figure 1: Kernel densities over time of greater than 77 mm carapace width males in the survey. Plotted
contours are the lines that contain 99th quantile of the stations at which crab were observed in a given year.
Colors are a gradient from red to blue, with red starting at 1981 and blue ending at 2019. Black points are
survey stations.
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Figure 2: Observed relative density of all males at the time of the 2019 NMFS summer survey
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Figure 3: Observed relative density of all females at the time of the 2019 NMFS summer survey
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Figure 4: Observed relative density of males >77mm carapace width at the time of the 2019 NMFS summer
survey
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Figure 5: Observed relative density of males >101mm carapace width at the time of the 2019 NMFS summer
survey
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Figure 6: Observed relative density of mature females at the time of the 2019 NMFS summer survey
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Shell CW Age Error Depth

condition (mm) (years) (years) Coordinates (m) Species
0+ 121 0.05 0.26 59°20°N, 171°49'W 43 C. opilio
0+ 110 0.11 0.27 59°20°N, 171°49'W 43 C. opilio
0* 132 0.11 0.19 59°20°N, 171°49'W 43 C. opilio
1 118 0.15 0.26 59°20’N, 171°49'W 43 C. opilio
1 130 0.23 0.27 59°20°N, 171°49'W 43 C. opilio
1 116 0.25 0.24 59°20°N, 171°49'W 43 C. opilio
2+ 93 0.33 0.28 57°00°N, 167°43'W 42 C. bairdi
2* 122 0.42 0.26 57°00'N, 167°43’'W 42 C. bairdi
2* 97 0.66 0.30 59°00°N, 171°47'W 46 C. opilio
2* 123 0.78 0.32 59°00’N, 171°47'W 46 C. opilio
2* 121 0.85 0.27 S7°00’N, 167°43'W 42 C. opilio
2+ 66 1.07 0.29 59°00°N, 171°47'W 46 C. opilio
3 117 0.92 0.34 59°00°N, 171°47'W 46 C. opilio
3 69 1.04 0.28 59°00°N, 171°47'W 46 C. opilio
3 78 1.10 0.30 59°00’N, 171°47'W 46 C. opilio
4 100 443 0.33 57°2UN, 167°45'W 39 C. opilio
4 93 4.89 0.37 58°20°N, 171°38'W 52 C. bairdi
4 100 6.60 0.33 57°00’N, 167°43'W 42 C. opilio
5 111 2.70 0.44 58°60’N, 169°12'W 28 C. opilio
5 100 421 0.34 59°00'N, 171°47'W 46 C. bairdi
5 110 6.85 0.58 58°60’N, 169°12'W 28 C. opilio

C4 Snow Crab SAFE
OCTOBER 2019

Figure 7: 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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O QObserved
* Model

| /

0.30

0.20

Proportion

0.10

Annual values

0
0.00

T T T T T T T LT T T LT

1985 1995 2005 2015 RTR TR E e R D
o Year Carapace width (mm)
(B) Fishing mortality (E) Recruitment

10

0.75

Annual values
0.25 0.5

Recruits (10€9)
s o %

(= 4
1985 1995 2005 2015 1985 1995 2005 2015
Year Year
o (C) Retained catch (F) Maturation
© Observed | _
o0 - * Model % al
= S
"D ©- o -
o [=%
= _| B <
oF £ ©
o "b",g |
o
[ (o=
1985 1995 2005 2015 m 288 rR 838248
Year Carapace width (mm)

Figure 8: 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 9: 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 individuads.
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Figure 11: Bycatches in other fishing fleets.
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Figure 13: Observed relative numbers of females at length at the time of the survey
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Figure 14: Observed relative numbers of males at length at the time of the survey
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Figure 15: 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 16: 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 17: Location of BSFRF survey selectivity experiments.
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Figure 18: 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 19: 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 20: 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 22: 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 23: Management quantities after jittering selected models. ‘Converged %’ indicates the % of jittered
models that had a maximum gradient component < 0.005. ‘at min %’ indicates the number of runs that
converged to the minimum observed negative log likelihood
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Figure 24: Retrospective analysis for selected models. Each line represents the model predictions for survey
mature biomass when successively more years of data are removed from the analysis. Average difference is
calculated as the mean relative error over the retrospective period (i.e. (Peeled MMB - 2019 MMB)/ 2099
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Figure 25: Model fits to the observed mature biomass at survey
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Figure 27: Model fits to catch data
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Figure 31: Model fits to size composition data from summer survey experiments (2009 & 2010)
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Figure 32: Model fits to 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.

77



C4 Snow Crab SAFE

1982 1989 1996 2003 2010 2017
| ]
| | | |
o = ¥
£ A
= | —| —| ==
1983 1990 1997 2004 2011 2018
L}
" L ]
m > ﬁ ﬁ\—h
u
L]
- = | = |
1984 1991 1998 2005 2012 2019
.
L]
[ [
| | [ —|
1985 1992 1999 2006 2013
Males
] e Obs
; —— Pred
L |
u L}
M - P\
1986 1993 2000 2007 2014 18.1
--- 191
~~~~~ 192
--- 193
—-— 194
L}
- . . . -~ 195
D — 196
--- 197
[ ]
1987 1994 2001 2008 2015
n
. o’
n n X
L}
1988 1995 2002 2009 2016

8
F,‘
}
;

~

OCTOBER 2019

Figure 33: Model fits to 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: Residuals for female survey length proportion data for the author’s preferred model. Open circles
are positive residuals, filled are negative, and the size of the circle is proportional to the magnitude of the
residual. Stars are residuals > 5.
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Figure 35: Residuals for male survey length proportion data for the author’s preferred model. Open circles
are positive residuals, filled are negative, and the size of the circle is proportional to the magnitude of the
residual. Stars are residuals > 5.
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BRISTOL BAY RED KING CRAB STOCK ASSESSMENT
IN FALL 2019

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 Ibs (58,943 t). The catch declined dramatically in the early
1980s and remained at low levels during the last three decades. Catches during recent years
until 2010/11 were among the high catches in last 15 years. The retained catch in 2018/19
was approximately 4.5 million Ibs (2,027 t), below the catch in 2017/18 (6.8 million Ibs,
3,094 t). 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 1970s and early 1980s and has
generally been low since 1985 (1979-year class). During 1984-2019, only in 1984, 1986,
1995, 1999, 2002 and 2005 were estimated recruitments above the historical average for
1976-2019. Estimated recruitment was extremely low during the last 12 years.

5. Management performance:

Status and catch specifications (1,000 t) (model 19.0):
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MSST Biomass Retained Total

Year mme) TAC o Cateh OFL ABC
2015/16  12.89% 27.68% 452 4.61 5.30 6.73 6.06
2016/17 12538 25818  3.84 3.92 4.37 6.64 5.97
2017/18  12.74° 24.86°  2.99 3.09 3.60 5.60 5.04
2018/19  10.62° 16.92D  1.95 2.03 2.65 5.34 4.27
2019/20 15.96° 3.40 2.72

The stock was above MSST in 2018/19 and hence was not overfished. Overfishing did not
occur.

Status and catch specifications (million Ibs):

MSST Biomass Retained Total
Year (MMB) TAC Catch Catch OFL ABC
2015/16 28.47 61.04 9.97 10.17 11.69 14.84 13.36
2016/17 27.68 56.98 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 23.4P 37.3P 4.31 4.31 5.85 11.76 9.41
2019/20 35.2°0 75 6.00

Notes:
A — Calculated from the assessment reviewed by the Crab Plan Team in September 2016
B — Calculated from the assessment reviewed by the Crab Plan Team in September 2017
C — Calculated from the assessment reviewed by the Crab Plan Team in September 2018

D - Calculated from the assessment reviewed by the Crab Plan Team in September 2019

6. Basis for the OFL: Values in 1,000 t (model 19.0):

Bwmsy Current  B/Bwmsy Years to Natural
Year Tier MMB (MMB) ForL define Mortality
Bwmsy
2015/16 3b 26.1 24.7 0.95 0.27 1984-2015 0.18
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

Basis for the OFL: Values in million Ibs:
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Bwmsy Current B/Bmsy Years to Natural
Year Tier MMB (MMB) ForL define Mortality
Bmsy
2015/16 3b 57.5 54.4 0.95 0.27 1984-2015 0.18
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

A. Summary of Major Changes

1. Changes to management of the fishery: None.

2. Changes to the input data:

a. Updated NMFS trawl survey data through 20109.

b. Updated the directed pot fishery catch and bycatch data through 2018 (i.e., completed
2018/19 fishery).

¢. Updated groundfish fisheries bycatch data during 1991-2018.

3. Changes to the assessment methodology:

a. Estimated recruitment in the terminal year is not used for estimating Bsse. That is, the mean

recruitment from 1984-2018 is used for estimating Bzso.

b. For the directed pot fishery, the model fits total observer male biomass and length compositions,

instead of discarded male biomass and length compositions. Observers have not separated
retained and discarded legal males in the directed pot fishery starting in 2018.

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

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

18.0d: The model rk18A.D18a from May 2019 with the 2019 data, also the model 18.0a in the
SAFE report from September 2018 with the 2019 data and separating the groundfish fisheries
bycatch data into trawl and fixed gear during 1996-2018, the period the data are available
(model 18.0a separated the groundfish data only during 2009-2017). This model assumes that
Bering Sea Fisheries Research Foundation (BSFRF) survey capture probabilities are 1.0 for
all length groups. Under this assumption, NMFS survey selectivities are the products of crab
availabilities (equal to BSFRF survey selectivities) and NMFS survey capture probabilities.
A survey capture probability for a length group is simply defined as the proportion of the crab
in the length group within the area-swept that is caught by the survey net.

Changes since May 2018 include: (1) the total observer male biomass and total observer male
length composition data in the directed pot fishery are used to replace discarded male biomass
and discarded male length composition data, (2) total male selectivity and retained proportions
in the directed pot fishery are used to replace retained selectivity and discarded male
selectivity, (3) due to high grading problems in some years since rationalization, two logistic
curves are estimated for retained proportions: one before rationalization (before 2005) and



C4 BBRKC SAFE
OCTOBER 2019

another after 2004, and (4) equal annual effective sample sizes of male and female length
compositions are considered.

18.0e: The same as model 18.0d except for the sum of length composition data for Tanner crab
fishery bycatch each year is equal to 1.0 for both sexes combined (model 18.0d has the sum
equal to 1.0 for each sex). This change treats the Tanner crab fishery bycatch length
compositions the same way as the groundfish fisheries bycatch.

19.0: This is the Gmacs version of model 18.0e. This model uses the same input data as model
18.0e and the same approach as much as possible. Some differences are: (1) likelihood values
for catch and bycatch biomasses include constant terms under Gmacs while constant terms
are not included in the likelihood values under model 18.0e, (2) penalties and prior-densities
are much more extensively used with Gmacs than model 18.0e, (3) model 18.0e restricts the
estimated survey selectivities to be equal for the smallest length group for both sexes for a
given survey (two logistic curves with three parameters) while no such a restriction for Gmacs
(two logistic curves with four parameters), (4) model 18.0e uses the smoothed trawl survey
length compositions in the initial year divided by the estimated survey selectivities as
estimated population length compositions in the initial year before the phase of estimating the
population length composition parameters while model 19.0 uses the initial length
composition parameters to estimate population length compositions before the estimating
phase, and (5) Gmacs uses the BSFRF survey selectivities as a limit to the NMFS trawl survey
selectivities while model 18.0e assumes the BSFRF survey selectivities as availabilities to the
NMFS trawl survey.

4. Changes to assessment results:

The population biomass estimates in 2019 are lower than those in 2018. Among the three models,
model estimated relative NMFS survey biomasses and mature biomasses are very similar.
Estimated results are extremely similar for models 18.0d and 18.0e, indicating that normalizing
combined sex or single sex length compositions of Tanner crab fishery bycatch has little impacts
on the results. Gmacs (model 19.0) results in slightly high relative female biomass estimates after
2004 and slightly low relative male biomasses during the last 30 years. Models 18.0d and 18.0e fit
the BSFRF survey biomasses better than model 19.0 (gmacs) while Gmacs fits NMFS survey
biomasses better than the other two models. The Gmacs model (19.0) results in lower mature male
biomass estimates (thus lower recruitment estimates) than the other two models during the last 30
years, which may be explained by a weaker link between NMFS and BSFRF surveys by Gmacs,
resulting in a lower weight for BSFRF survey data through higher estimated additional CV for
BSFRF survey biomass. Lower recruitment estimates in the 1970s for models 18.0d and 18.0e than
for model 19.0 (gmacs) may be caused by the restriction of equal survey selectivity value of the
smallest length group. Also higher recruitment estimates in the 1970s result in higher high M
estimates for model 19.0. All three models fit the catch and bycatch biomass extremely well. Since
the results are extremely similar for models 18.0d and 18.0e, we prefer 18.0e and recommend
either model 18.0e or model 19.0 (gmacs) for overfishing definition determination for September
2019. The Gmacs model (19.0) is preferred due to better fits of NMFS survey biomass during
recent years. The Gmacs generally runs well and maybe it is time for it to take over the BBRKC
assessments. The CPT adopted Gmacs for overfishing definition determination for September
20109.
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Like the results of model 18.0a (rk18A.D18a) in May 2019, terminal year recruitment analysis
with model 19.0 (gmacs) also suggests the estimated recruitment in the last year should not be
used for estimating Bsso.

There are a few areas with the Gmacs model that may need some improvement or further
examination: (1) documentation (the current documentation is limited); (2) more options are
needed for relationships between NMFS survey and BSFRF survey (the current options are no
relationships or NMFS survey selectivity values cannot be larger than BSFRF survey); (3) a
jittering option for Gmacs; (4) equations for instantaneous seasons may be problematic and need
to be checked (we used continuous seasons, which are fine); and (5) output and R plot scripts need
to be further developed for more complex assessments like BBRKC (we revised output and used
our R functions and scripts for this report). We will work on (2) for the BBRKC assessment updates
before the next CPT meeting in January or May 2020.

B. Responses to SSC and CPT Comments

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

None.

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

Response to CPT Comments (from May 2019):
“Explain why the likelihoods for size-compositions differ given the fits are very similar.”

Response: four reasons: (1) Gmacs does not include the constant term whereas we had a constant
term in the robust normal for proportion likelihoods, (2) for sex combined normalized length
compositions, the effective sample sizes were doubled for Gmacs (Gmacs adds them together), (3)
for sex combined normalized length compositions, the robust constant for variance estimation is
1/36 for both males and females with Gmacs, while our past assessment program in May 2019 or
earlier used 1/20 for males and 1/16 for females, and (4) although it is an extremely small value,
our past program did not compute likelihood for the first several length groups for retained catch
due to zero proportions while Gmacs computes it.

We made all length composition likelihoods comparable in this report: models 18.0d and 18.0e
drop the constant term; for sex combined normalized length compositions, effective sample sizes
in data file are reduced to half for Gmacs and the robust constant 1/36 is used for all models; and
for retained length compositions, all groups are used to compute likelihood for models 18.0d and
18.0e.

Also, NMFS survey biomass likelihood was not comparable in the report in May 2019 between
models 18.0e and 19.0 (gmacs). Gmacs had an extra term, 0.5c, in the likelihood function and a
constant term. We deleted the extra term from Gmacs and added the constant term to models 18.0d
and 18.0e. Now the likelihood function values for both NMFS and BSFRF survey biomass are
comparable among the three models in this report.

“Document how the two models penalize parameter values, in particular, differences in the sex
ratio of recruits from 1:1, and explore whether the difference in results is due to difference in this
penalty.”
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Response: model 18.0e doesn’t have priors on parameters except NMFS survey catchability. Most
of penalties of model 18.0e are on recruitment: sex ratio of recruits from 1:1 and recruitment
variation over time. Model 18.0e also has a very small penalty on bycatch fishing mortality
deviations to make sure that they make sense, and this small penalty generally does not affect the
results. Model 19.0 has the same prior on NMFS survey catchability and tried to have the same
penalties as model 18.0e on recruitment. However, model 19.0 has further penalty on recruitment,
such as sigmaR. Besides sigmaR, model 19.0 has many prior-densities and a penalty on natural
mortality (M) deviations. Based on penalty values in negative likelihood components, prior-
densities have the highest value, recruitment has the second, and M deviations have the third. Since
prior-densities in Gmacs are mostly constants, we examined penalties from sigmaR, recruitment
sex ratio, and M deviations on the results of model 19.0.

At first, sigmaR seems to have a huge impact (it was the case in May 2019); however, we found
out that the impacts were caused by the interaction of female fishing mortality offset values in the
groundfish bycatch. Therefore, we set the offsets for the groundfish bycatch female mortality to
be zero for model 19.0, consistent with model 18.0e, the impacts by sigmaR on results are very
small. See the following table for sigmaR (the default sigmaR is 0.9):

Gmacs' sensitivity on sigmaR:

SigmaR 0.5 0.7 0.88 1 1.2
Neg. log likelihood  -23550.3 -23549.9 -23548.6 -23547.5 -23545.5
Baso(t) 21389.8 21535.1 21662.2 217249 21786.8
Fas0 0.299 0.299 0.299 0.299 0.299
MMB2019(t) 15978.2  16043.7 16090.7 161155  16148.4
OFL2019(t) 3386.9 3390.2 3389.2 3389.4 3394.2
ABC2019(t) 2709.5 2712.2 2711.4 2711.6 2715.4
Fofi2019 0.215 0.214 0.214 0.213 0.213
Q 0.925 0.924 0.925 0.925 0.925

Surprisingly, the weighting factor (emphasis factor/prior) for recruitment ratios does not have large
impacts on the results for model 19.0 (the default factor is 10):

Gmacs' sensitivity on mean R sex ratio:

W.factor 1 5 10 20 50
Neg. log likelihood -23551.2 -23550.8 -23550.3 -23549.5 -23547.6
B3so(t) 21751.2 21518.4 21247.2 20759.3 19601.0
F35% 0.299 0.299 0.299 0.299 0.299
MMB2019(t) 16015.4 15988.1 15956.6 15895.4 15741.6
OFL2019(t) 3336.8 3367.3 3403.4 3469.8 3636.2
ABC2019(t) 2669.4 2693.8 2722.7 2775.8 2908.9
Fofi2019 0.211 0.214 0.216 0.221 0.234
Q 0.925 0.925 0.925 0.924 0.924

Finally, the penalty on M deviations has some impacts on the results for model 19.0, but the
impacts are not very large (the default factor is 1.0):

Gmacs' sensitivity on M penalty:

W. factor 0.1 0.5 1.0 2.0 5.0
Neg. log likelihood  -23598.2 -23576.6 -23550.3 -23500.2 -23365.1
B3sos(t) 21793.0 21531.3 21247.2 20698.5 19462.7

Fasu 0.298 0.299 0.299 0.300 0.303
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MMB2019(t) 16133.4 16051.6 15956.6 15675.0 15147.8
OFL2019(t) 3374.3 3389.4 3403.4 3384.4 3410.6
ABC2019(t) 2699.5 27115 2722.7 2707.5 2728.5
Fofi2019 0.212 0.214 0.216 0.219 0.228
Q 0.925 0.925 0.925 0.928 0.922

“Check whether GMACS s fitting to length-composition for males and females combined rather
than by sex, and ensure that observed and predicted length-compositions are correctly plotted.”

Response: Gmacs has options whether to fit length-composition for males and females combined,
or by sex. It is the Gmacs output that causes confusion. Gmacs normalizes all length composition
output by sex even fitting to length-composition for males and females combined in the program.
We changed Gmacs output to match what are fitted in the program, and all plots are correct.

“Further examine the difference in OFL values from the two models, in particular check the inputs
into the OFL calculation such as mean recruitment corresponding to MSY.”

Response: we compared mean recruitment, Bsse, and OFL between Gmacs and model 18.0e for a
lot of runs. The mean male recruitment (50% of total recruitment) for model 18.0e and Gmacs
(19.0) are 8.63 and 7.80 million, so Gmacs has a lower Bssy as it should be.

“Explain why the number of estimated parameters in GMACS differs from 18.0e (some of the
additional parameters are the fully selected fishing mortalities due to bycatch in the Tanner crab
fishery).”

Response: the extra number of estimated parameters for Gmacs is 38 from the fully selected fishing
mortalities due to bycatch in the Tanner crab fishery (deriving from fishing effort and model 18.0e
does not count them as parameters), 3 for survey selectivity (model 18.0e uses three parameters
for two sets of male and female logistic selectivity curves due to assuming the smallest length
group has the same selectivity value for both sexes), and 2 for mean fishing mortality and female
offset for Tanner crab fishery bycatch (model 18.0e estimates Tanner crab fishing mortalities
without mean F and female offset).

“Report fits to biomass indices (NMFS and BSFRF) and residuals by sex rather than aggregated
over sex because that is how the data are included in the model likelihood.”

Response: done.

“Include the fits by GMACS and 18.0e on the same plot to ease comparisons.”
Response: done.

“Evaluate whether the two models have converged using a jitter analysis.”

Response: we did jitter analysis for model 18.0d and 18.0e. We tried to do the same for model 19.0
(gmacs); however, our approach (doing in R) does not work for Gmacs (when taking in initial
values from a parameter file, Gmacs tried to estimate M, which should be fixed to 0.18). It may
need to change initial parameter values from the control file for Gmacs, and we have not figured
out how to automate it. We tried many runs with Gmacs, which seems quite robust.

“Apply the CPT-approved naming conventions for the model scenarios.”
Response: hopefully we got it right this time.
Response to CPT Comments (from September 2018):
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“The CPT requested that the author consider a scenario based on 18.0a in which the asymptote to
the retention function is estimated after 2004, rather than fixing it to 1 as it now is.”

Response: Done for all scenarios.
Response to SSC Comments specific to this assessment (from June 2019):

“The authors identified seven areas for which the GMACS scenario needs some improvement or
additional examination on the bottom of page 4 and top of page 5 of the assessment report. One of
these issues includes an unbelievably high estimate of fishing mortality in 1981. The SSC supports
the authors’ intentions to investigate these issues for the September assessment. Additionally, the
SSC supports the CPT’s recommendations to the authors to provide additional diagnostics to
facilitate comparisons among the base model with better bycatch data and GMACS model so that
outcomes can be better understood. It is important to understand what drives differences among
these models, and such an evaluation is critical before GMACS can be accepted. Finally, the SSC
reiterates its request that model names should follow approved conventions.”

Response: we tried to understand Gmacs as much as we could. The Gmacs results in May 2019
and earlier were impacted by one parameter that seems not important at all. It is the offset female
mortality for the trawl bycatch, that is, estimating separate mean fishing mortalities for male and
female trawl bycatch. Due to unusual conditions for BBRKC in the early 1980s, this parameter
causes confoundings among other parameters, especially estimated high natural mortality in the
early 1980s. After fixing this parameter to be 0 (no difference between male and female mean
trawl bycatch fishing mortalities; the same approach as models 18.0d and 18.0e), Gmacs results
are better understood than before. Besides the Gmacs penalty and prior-densities, we believe that
the assumption of equal survey selectivity value for the smallest length group for both sexes and
different treatments of the relationship between NMFS and BSFRF surveys can explain the
differences in results between models 18.0e and 19.0. The difference of estimated NMFS survey
selectivity values for small length groups are quite larger for these two models (Figure 8a (18.0e)
and Figure 8a (19.0 (gmacs))) due to this survey selectivity assumption. More options are needed
for different treatments of the relationship between NMFS and BSFRF surveys in Gmacs; current
options are unlikely to work for other stocks: snow and Tanner crabs.

The extremely high estimated fishing mortality in 1981 is a concern for all models. It is caused by
a huge decrease of crab abundance. We watched this parameter all the time to make sure it does
not cause any convergence problem.

Model names have been changed in this report. We also changed word “scenarios” to “models”.
Response to SSC Comments specific to this assessment (from October 2018):

“The SSC also agreed with the Team’s recommendation that the buffer be raised from 10% to
20%. Justification for this raise is (1) the over-prediction of 2018 observed survey biomass, (2)
20% is the buffer recommended for other crab stocks with similar uncertainty”

Response: We will use a 20% buffer from now on.

“The SSC notes that a reduction of structural fauna providing protection for small crabs and
increase in mobile predators of small crabs was reported from current ecosystem studies. The SSC
encourages the author to investigate whether these ecosystem changes are linked to changes in
natural mortality or reproductive success.”

Response: This is a good idea. We will look at this issue in the future.
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C. Introduction

1. Species

Red king crab (RKC), Paralithodes camtschaticus, in Bristol Bay, Alaska.
2. General distribution

Red king crab inhabit intertidal waters to depths >200 m of the North Pacific Ocean from British
Columbia, Canada, to the Bering Sea, and south to Hokkaido, Japan, and are found in several areas
of the Aleutian Islands, eastern Bering Sea, and the Gulf of Alaska.

3. Stock Structure

The State of Alaska divides the Aleutian Islands and eastern Bering Sea into three management
registration areas to manage RKC fisheries: Aleutian Islands, Bristol Bay, and Bering Sea (Alaska
Department of Fish and Game (ADF&G) 2012). The Bristol Bay area includes all waters north of
the latitude of Cape Sarichef (54°36' N lat.), east of 168°00" W long., and south of the latitude of
Cape Newenham (58°39" N lat.) and the fishery for RKC in this area is managed separately from
fisheries for RKC outside of this area; i.e., the red king crab in the Bristol Bay area are assumed
to be a separate stock from red king crab outside of this area. This report summarizes the stock
assessment results for the Bristol Bay RKC stock.

4. Life History

Red king crab have a complex life history. Fecundity is a function of female size, ranging from
several tens of thousands to a few hundreds of thousands (Haynes 1968; Swiney et al. 2012). The
eggs are extruded by females, fertilized in the spring, and held by females for about 11 months
(Powell and Nickerson 1965). Fertilized eggs are hatched in the spring, most during April-June
(Weber 1967). Primiparous females are bred a few weeks earlier in the season than multiparous
females.

Larval duration and juvenile crab growth depend on temperature (Stevens 1990; Stevens and
Swiney 2007). Male and female RKC mature at 5-12 years old, depending on stock and
temperature (Stevens 1990; Loher et al. 2001) and may live >20 years (Matsuura and Takeshita
1990). Males and females attain a maximum size of 227 and 195 mm carapace length (CL),
respectively (Powell and Nickerson 1965). Female maturity is evaluated by the size at which
females are observed to carry egg clutches. Male maturity can be defined by multiple criteria
including spermataphore production and size, chelae vs. carapace allometry, and participation in
mating in situ (reviewed by Webb 2014). For management purposes, females >89 mm CL and
males >119 mm CL are assumed to be mature for Bristol Bay RKC. Juvenile RKC molt multiple
times per year until age 3 or 4, thereafter, molting continues annually in females for life and in
males until maturity. Male molting frequency declines after attaining functional maturity.

5. Fishery

The RKC stock in Bristol Bay, Alaska, supports one of the most valuable fisheries in the United
States. A review of the history of the Bristol Bay RKC fishery is provided in Fitch et al. (2012)
and Otto (1989). The Japanese fleet started the fishery in the early 1930s, stopped fishing from
1940 to 1952, and resumed the fishery from 1953 until 1974. The Russian fleet fished for RKC
from 1959 to 1971. The Japanese fleet employed primarily tanglenets with a very small proportion
of catch from trawls and pots. The Russian fleet used only tanglenets. United States trawlers started
fishing Bristol Bay RKC in 1947, but the effort and catch declined in the 1950s. The domestic
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RKC fishery began to expand in the late 1960s and peaked in 1980 with a catch of 129.95 million
Ibs (58,943 t), worth an estimated $115.3 million ex-vessel value. The catch declined dramatically
in the early 1980s and has remained at low levels during the last two decades (Tables 1a and 1b).
After the early 1980s stock collapse, the Bristol Bay RKC fishery took place during a short period
in the fall (usually lasting about a week) with the catch quota based on the stock assessment
conducted the previous summer (Zheng and Kruse 2002). Beginning with the 2005/2006 season,
new regulations associated with fishery rationalization resulted in an increase in the duration of
the fishing season (October 15 to January 15). With the implementation of crab rationalization,
historical guideline harvest levels (GHL) were changed to a total allowable catch (TAC). Before
rationalization, the implementation errors were quite high for some years and total actual catch
from 1980 to 2007 was about 6% less than the sum of GHL/TAC over that period.

6. Fisheries Management

King and Tanner crab stocks in the Bering Sea and Aleutian Islands are managed by the State of
Alaska through a federal king and Tanner crab fishery management plan (FMP). Under the FMP,
management measures are divided into three categories: (1) fixed in the FMP, (2) frameworked in
the FMP, and (3) discretion of the State of Alaska. The State of Alaska is responsible for
determining and establishing the GHL/TAC under the framework in the FMP.

Harvest strategies for the Bristol Bay RKC fishery have changed over time. Two major
management objectives for the fishery are to maintain a healthy stock that ensures reproductive
viability and to provide for sustained levels of harvest over the long term (ADF&G 2012). In
attempting to meet these objectives, the GHL/TAC is coupled with size-sex-season restrictions.
Only males >6.5-in carapace width (equivalent to 135-mm carapace length, CL) may be harvested
and no fishing is allowed during molting and mating periods (ADF&G 2012). Specification of
TAC is based on a harvest rate strategy. Before 1990, harvest rates on legal males were based on
population size, abundance of prerecruits to the fishery, and postrecruit abundance, and rates
varied from less than 20% to 60% (Schmidt and Pengilly 1990). In 1990, the harvest strategy was
modified, and a 20% mature male harvest rate was applied to the abundance of mature-sized (>120-
mm CL) males with a maximum 60% harvest rate cap of legal (>135-mm CL) males (Pengilly and
Schmidt 1995). In addition, a minimum threshold of 8.4 million mature-sized females (>90-mm
CL) was added to existing management measures to avoid recruitment overfishing (Pengilly and
Schmidt 1995). Based on a new assessment model and research findings (Zheng et al. 1995a,
1995h, 19973, 1997b), the Alaska Board of Fisheries adopted a new harvest strategy in 1996. That
strategy had two mature male harvest rates: 10% when effective spawning biomass (ESB) is
between 14.5 and 55.0 million Ibs and 15% when ESB is at or above 55.0 million Ibs (Zheng et al.
1996). The maximum harvest rate cap of legal males was changed from 60% to 50%. A threshold
of 14.5 million Ibs of ESB was also added. In 1997, a minimum threshold of 4.0 million Ibs was
established as the minimum GHL for opening the fishery and maintaining fishery manageability
when the stock abundance is low. The Board modified the current harvest strategy in 2003 by
adding a mature harvest rate of 12.5% when the ESB is between 34.75 and 55.0 million Ibs and in
2012 eliminated the minimum GHL threshold. The current harvest strategy is illustrated in Figure
1.

D. Data
1. Summary of New Information
a. Updated NMFS trawl survey data through 2019.
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b. Updated the directed pot fishery catch and bycatch data through 2018 (2018/19 completed
fishery).

c. Updated groundfish fisheries bycatch data during 1991-2018.
Data types and ranges are illustrated in Figure 2.
2. Catch Data

Data on landings of Bristol Bay RKC by length and year and catch per unit effort from 1960 to
1973 were obtained from annual reports of the International North Pacific Fisheries Commission
(Hoopes et al. 1972; Jackson 1974; Phinney 1975) and from ADF&G from 1974 to 2017. Bycatch
data are available starting from 1990 and were obtained from the ADF&G observer database and
reports (Gaeuman 2013). Sample sizes for catch by length and shell condition are summarized in
Table 2. Relatively large samples were taken from the retained catch each year. Sample sizes for
trawl bycatch were the annual sums of length frequency samples in the National Marine Fisheries
Service (NMFS) database.

(1). Catch Biomass

Retained catch and estimated bycatch biomasses are summarized in Table 1a and illustrated in
Figure 3. Retained catch and estimated bycatch from the directed fishery include the general, open-
access fishery (prior to rationalization), or the individual fishery quota (IFQ) fishery (after
rationalization), as well as the Community Development Quota (CDQ) fishery and the ADF&G
cost-recovery harvest. Starting in 1973, the fishery generally occurred during the late summer and
fall. Before 1973, a small portion of retained catch in some years was caught from April to June.
Because most crab bycatch from the groundfish trawl fisheries occurred during the spring, the
years in Table la are one year less than those from the NMFS trawl bycatch database to
approximate the annual bycatch for reporting years defined as July 1 to June 30; e.g., year 2002 in
Table 1a for trawl bycatch corresponds to what is reported for year 2003 in the NMFS database.
Bycatch data for the cost-recovery fishery before 2006 were not available. In this report, pot
fisheries include both the directed fishery and RKC bycatch in the Tanner crab pot fishery and
trawl fisheries and fixed gear fisheries are groundfish fisheries.

(it). Catch Size Composition

Retained catch by length and shell condition and bycatch by length, shell condition, and sex were
obtained for stock assessments. From 1960 to 1966, only retained catch length compositions from
the Japanese fishery were available. Retained catches from the Russian and U.S. fisheries were
assumed to have the same length compositions as the Japanese fishery during this period. From
1967 to 1969, the length compositions from the Russian fishery were assumed to be the same as
those from the Japanese and U.S. fisheries. After 1969, foreign catch declined sharply and only
length compositions from the U.S. fishery were used to distribute catch by length.

(iii). Catch per Unit Effort

Catch per unit effort (CPUE) is defined as the number of retained crab per tan (a unit fishing effort
for tanglenets) for the Japanese and Russian tanglenet fisheries and the number of retained crab
per potlift for the U.S. fishery (Table 1b). Soak time, while an important factor influencing CPUE,
is difficult to standardize. Furthermore, complete historical soak time data from the U.S. fishery
are not available. Based on the approach of Balsiger (1974), all fishing effort from Japan, Russia,
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and U.S. were standardized to the Japanese tanglenet from 1960 to 1971, and the CPUE was
standardized as crab per tan. Except for the peak-to-crash years of the late 1970s and early 1980s,
the correspondence between U.S. fishery CPUE and area-swept survey abundance is poor (Figure
4). Due to the difficulty in estimating commercial fishing catchability and crab availability to the
NMFS annual trawl survey data, commercial CPUE data were not used in the model.

3. NMES Survey Data

The NMFS has performed annual trawl surveys of the eastern Bering Sea since 1968. Two vessels,
each towing an eastern otter trawl with an 83 ft headrope and a 112 ft footrope, conducted this
multispecies, crab-groundfish survey during the summer. Stations were sampled in the center of a
systematic 20 X 20 nm grid overlaid in an area of 140,000 nm?. Since 1972, the trawl survey has
covered the full stock distribution except in nearshore waters. The survey in Bristol Bay occurs
primarily during late May and June. Tow-by-tow trawl survey data for Bristol Bay RKC during
1975-2017 were provided by NMFS.

Abundance estimates by sex, carapace length, and shell condition were derived from survey data
using an area-swept approach (Figures 5a and 5b). Until the late 1980s, NMFS used a post-
stratification approach, but subsequently treated Bristol Bay as a single stratum; the estimates
shown for Bristol Bay in Figures 4, 5a and 5b were made without post-stratification. If multiple
tows were made for a single station in a given year, the average of the abundances from all tows
within that station was used as the estimate of abundance for that station. The new time series since
2015 discards all “hot spot” tows. We used the new area-swept estimates provided by NMFS in
20109.

In addition to standard surveys, NMFS also conducted some surveys after the standard surveys to
better assess mature female abundance. In addition to the standard surveys conducted in early June
(late May to early June in 1999 and 2000), a portion of the distribution of Bristol Bay RKC was
re-surveyed in 1999, 2000, 2006-2012, and 2017. Resurveys performed in late July, about six
weeks after the standard survey, included 31 stations (1999), 23 stations (2000), 31 stations (2006,
1 bad tow and 30 valid tows), 32 stations (2007-2009), 23 stations (2010), and 20 stations (2011
and 2012) with high female densities. The resurveys were necessary because a high proportion of
mature females had not yet molted or mated when sampled by the standard survey. Differences in
area-swept estimates of abundance between the standard surveys and resurveys of these same
stations are attributed to survey measurement errors or to seasonal changes in distribution between
survey and resurvey. More large females were observed in the resurveys than during the standard
surveys in 1999 and 2000 because most mature females had not molted prior to the standard
surveys. As in 2006, area-swept estimates of males >89 mm CL, mature males, and legal males
within the 32 resurvey stations in 2007 were not significantly different (P=0.74, 0.74 and 0.95;
paired t-test of sample means) between the standard survey and resurvey tows. However, similar
to 2006, area-swept estimates of mature females within the 32 resurvey stations in 2007 were
significantly different (P=0.03; paired t-test) between the standard survey and resurvey tows.
Resurvey stations were close to shore during 2010-2012, and mature and legal male abundance
estimates were lower for the re-tow than the standard survey. Following the CPT recommendation,
we used the standard survey data for male abundance estimates and only the resurvey data, plus
the standard survey data outside the resurveyed stations, to assess female abundances during these
resurvey years.
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4. Bering Sea Fisheries Research Foundation Survey Data

The BSFRF conducted trawl surveys for Bristol Bay RKC in 2007 and 2008 with a small-mesh
trawl net and 5-minute tows. The surveys occurred at similar times as the NMFS standard surveys
and covered about 97% of the Bristol Bay survey area. Few Bristol Bay RKC were found outside
the BSFRF survey area. Because of the small mesh size, the BSFRF surveys were expected to
catch more RKC within the swept area. Crab abundances of different size groups were estimated
by the kriging method. Mature male abundances were estimated to be 22.331 in 2007 and 19.747
million in 2008 with respective CVs of 0.0634 and 0.0765. BSFRF also conducted a side-by-side
survey concurrent with the NMFS trawl survey during 2013-2016 in Bristol Bay. In May 2017,
survey biomass and size composition estimates from 2016 BSFRF side-by-side trawl survey data
were updated.

E. Analytic Approach
1. History of Modeling Approaches

To reduce annual measurement errors associated with abundance estimates derived from the area-
swept method, ADF&G developed a length-based analysis (LBA) in 1994 that incorporates
multiple years of data and multiple data sources in the estimation procedure (Zheng et al. 1995a).
Annual abundance estimates of the Bristol Bay RKC stock from the LBA have been used to
manage the directed crab fishery and to set crab bycatch limits in the groundfish fisheries since
1995 (Figure 1). An alternative LBA (research model) was developed in 2004 to include small size
crab for federal overfishing limits. Given that the crab abundance declined sharply during the early
1980s, the LBA estimated natural mortality for different periods of years, whereas the research
model estimated additional mortality beyond a base constant natural mortality during 1976-1993.
In this report, we present only the research model that was fit to the data from 1975 to 2019.

2. Model Description

The original LBA model was described in detail by Zheng et al. (1995a, 1995b) and Zheng and
Kruse (2002). The model combines multiple sources of survey, catch, and bycatch data using a
maximum likelihood approach to estimate abundance, recruitment, selectivities, catches, and
bycatch of the commercial pot fisheries and groundfish trawl fisheries. A full model description is
provided in Appendix A.

a-f. See Appendix A.
g. Critical assumptions of the model:

i. The base natural mortality is constant at 0.18yr* over sex, shell condition and length
and was estimated assuming a maximum age of 25 and applying the 1% rule (Zheng
2005).

ii. Survey and fisheries selectivities are a function of length and were constant over shell
condition. Selectivities are also a function of sex except for groundfish fisheries
bycatch selectivities, which are the same for both sexes. Two different NMFS survey
selectivities were estimated: (1) 1975-1981 and (2) 1982-2019, based on
modifications to the trawl gear used in the assessment survey.

iii. Growth is a function of length and is assumed to not change over time for males. For
females, growth-per-molt increments as a function of length are estimated for three
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periods (1975-1982, 1983-1993, and 1994-2019) based on sizes at maturity. Once
mature, female red king crab grow with a much smaller growth increment per molt.

Molting probabilities are an inverse logistic function of length for males. Females
molt annually.

Annual fishing seasons for the directed fishery are short.

The prior of NMFS survey catchability (Q) is estimated to be 0.896 with a standard
deviation of 0.025 for some models, based on a trawl experiment by Weinberg et al.
(2004); Q is assumed to be constant over time and is estimated in the model. The
BSFRF survey catchability is assumed to be 1.0.

Males mature at sizes >120 mm CL. For convenience, female abundance is
summarized at sizes >90 mm CL as an index of mature females.

Measurement errors are assumed to be normally distributed for length compositions
and are log-normally distributed for biomasses.

h. Changes to the above since previous assessment:. see Section A.3. Changes to the
assessment methodology.

i. Outline of methods used to validate the code used to implement the model and whether the
code is available: The code is available with the first author.

3. Model Selection and Evaluation

a. Alternative model configurations (models):

18.0d: The model rk18A.D18a from May 2019 with the 2019 data, also the model 18.0a in the
SAFE report from September 2018 with the 2019 data and separating the groundfish fisheries
bycatch data into trawl and fixed gear during 1996-2018, the period data are available (model
18.0a separated the groundfish data only during 2009-2017). This model assumes that BSFRF
survey capture probabilities are 1.0 for all length groups. Under this assumption, NMFS
survey selectivities are the products of crab availabilities (equal to BSFRF survey selectivities)
and NMFS survey capture probabilities. A survey capture probability for a length group is
simply defined as the proportion of the crab in the length group within the area-swept that is
caught by the survey net.

Model 18.0d includes:
(1) Base M = 0.18yr!, with an additional mortality level during 1980-1984 for males

and two additional mortality levels (one for 1980-1984 and the other for 1976-1979
and 1985-1993) for females. Additional mortalities are estimated in the model.

(2) Including BSFRF survey data during 2007-2008 and 2013-2016.
(3) NMFS survey catchability is estimated in the model and is assumed to be constant

over time. BSFRF survey catchability is assumed to be 1.0.

(4) Two levels of molting probabilities for males: one before 1980 and one after 1979,

based on survey shell condition data. Each level has two parameters.

(5) Estimating effective sample size from observed sample sizes. Stage-1 effective

sample sizes are estimated as min[0.25*n, N] for trawl surveys and min(0.05*n, N)
for catch and bycatch, where n is the sum of observed sample sizes for two sexes,
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and N is the maximum sample size (200 for trawl surveys, 100 for males from the
pot fishery and 50 for females from pot fishery and both males and females from the
groundfish fisheries). There is justification for enforcing a maximum limit to
effective sample sizes because the number of length measurements is large (Fournier
et al. 1998). The effective sample sizes are plotted against the implied effective
sample sizes in Figures 6 and 7, where the implied effective sample sizes are
estimated as follows:

n, = Z‘ P AP, )/ ZI“(P%I ~P,1)’ (1)

where Isy'I and Py, are estimated and observed size compositions in year y and length
group I, respectively.

(6) Standard survey data for males and NMFS survey re-tow data (during cold years)
for females.

(7) Estimating initial year length compositions.
(8) The total observer male biomass and total observer male length composition data in

the directed pot fishery are used to replace discarded male biomass and discarded
male length composition data.

(9) Total male selectivity and retained proportions in the directed pot fishery are used
to replace retained selectivity and discarded male selectivity, and due to high grading
problems in some years since rationalization, two logistic curves are estimated for
retained proportions: one before rationalization (before 2005) and another after 2004.

(10) Equal annual effective sample sizes of male and female length compositions.

For model 18.0d, survey abundances NAfyy’l (BSFRF survey) and I\Als”yyyI (NMFS survey)
by sex s and in year y and length group | are computed as follows:

N> =N s

syl syl ¥s,1
~ ) )
N s,y = Ns,y,l Ss,l !

where s and s, are survey selectivities for BSFRF and NMFS surveys by sex s and in

length group |, respectively, and Nsy, is the population abundance by sex s and in year y
and length group I. BSFRF survey selectivities are computed as

s, = 1
U g () 3)

where £ and Lso are parameters. Survey selectivity for the first length group (67.5 mm)
was assumed to be the same for both males and females, so only three parameters (5,



C4 BBRKC SAFE
OCTOBER 2019

L50 for females, and L50 for males) were estimated in the model for each survey. The
BSFRF survey catchability is assumed to be 1.0.

Model 18.0d assumes that the BSFRF survey capture probabilities are 1.0 for all length
groups. Under this assumption, NMFS survey selectivities are the products of crab
availabilities (equal to BSFRF survey selectivities) and NMFS survey capture
probabilities (p):

o1 = P, Sf,l- (4)

Therefore, the model estimates NMFS survey capture probabilities and BSFRF survey
selectivities and computes NMFS survey selectivities from these estimates. NMFS
survey capture probabilities are computed as

p= (5)

- 1+ e'ﬂs (i=Lsp ) ’

where f and L50 are parameters and like the survey selectivities, only three parameters
(B, L50 for females and L50 for males) were estimated in the model for each sex. Q is
the NMFS survey catchability and is estimated in the model with or without a prior from
the double-bag experiment, depending on models.

Since fishing times for both Tanner crab fishery and groundfish fishery are assumed to
occur at the same time, the fraction separation of fishing mortality rates for both
fisheries is used to divide the total fishing mortality rate to individual fisheries, that is,
FilFrot* (1-exp(-Frot)) for fishery i, and the sum of Fi = Fot.

18.0e: The same as model 18.0d except the sum of length composition data for Tanner crab
fishery bycatch each year is equal to 1.0 for both sexes combined (model 18.0d has the
sum equal to 1.0 for each sex). This change treats the Tanner crab fishery bycatch length
compositions the same way as the groundfish fisheries bycatch.

19.0: This is the Gmacs version of model 18.0e. This model uses the same input data as
model 18.0e and the same approach as much as possible. Some differences are: (1)
likelihood values for catch and bycatch biomasses include constant terms under Gmacs
while constant terms are not included in the likelihood values under model 18.0g, (2)
penalties and prior-densities are much more extensively used with Gmacs than model
18.0e, (3) model 18.0e restricts the estimated survey selectivities to be equal for the
smallest length group for both sexes for a given survey (two logistic curves with three
parameters) while no such a restriction for Gmacs (two logistic curves with four
parameters), (4) model 18.0e uses the smoothed trawl survey length compositions in the
initial year divided by the estimated survey selectivities as estimated population length
compositions in the initial year before the phase of estimating the population length
composition parameters while model 19.0 uses the initial length composition parameters
to estimate population length compositions before the estimating phase, and (5) Gmacs
uses the BSFRF survey selectivities as a limit to the NMFS trawl survey selectivities
while model 18.0e assumes the BSFRF survey selectivities as availabilities to the NMFS
trawl survey.
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Progression of results: See the new results at the beginning of the report.
Evidence of search for balance between realistic and simpler models: NA.
Convergence status/criteria: ADMB default convergence criteria.

® o o o

Sample sizes for length composition data: observed sample sizes are summarized in Table
2 and estimated implied sample sizes and effective sample sizes are illustrated in Figures
6and 7.

f. Credible parameter estimates: All estimated parameters seem to be credible.

g. Model selection criteria: The likelihood values are used to select among alternatives that
could be legitimately compared by that criterion.

h. Residual analysis: Residual plots are illustrated in various figures.
i. Model evaluation is provided under Results, below.
J. Jittering: The Stock Synthesis Approach is used to perform jittering to find the optimum:

The Jitter factor of 0.1 is multiplied by a random normal deviation rdev=N(0,1), to a
transformed parameter value based upon the predefined parameter:

—P_.+0.0000002
min 1) ’ (6)

temp = 0.5 rdev Jiter (2 P, +0.0000001
min +U.

val —

with the final jittered starting parameter value back-transformed as:

I:)new I:,min + Pmax — Pmin ) (7)
1.0 + exp(—2.0 temp)

where Pmax and Pmin are upper and lower bounds of parameters and Pva is the estimated
parameter value before the jittering. Due to technical issues for model 19.0 (gmacs), the
jittering approach is used for models 18.0d and 18.0e in this report. About half of the
jittered runs converged, and a few runs converged to the highest log likelihood values
(Table 3).

4. Results
a. Effective sample sizes and weighting factors.

i. For model 18.0e, effective sample sizes are illustrated in Figures 6 and 7.

ii. CVs are assumed to be 0.03 for retained catch biomass, 0.04 for total male biomass, 0.07
for pot bycatch biomasses, 0.10 for groundfish bycatch biomasses, 0.53 for recruitment
variation, and 0.23 for recruitment sex ratio for models 18.0d and 18.0e. Model 19.0 has
the same CVs except for using sigmaR for recruitment variation and having a penalty M
variation and many prior-densities.

iii. Initial trawl survey catchability (Q) is estimated to be 0.896 with a standard deviation
of 0.025 (CV about 0.03) based on the double-bag experiment results (Weinberg et al.
2004). These values are used as a prior for estimating Q in all models.

b. Tables of estimates.
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Parameter estimates for models 18.0d, 18.0e, and 19.0 are summarized in Table 5.

. Abundance and biomass time series are provided in Table 6 for models 18.0d,

18.0e, and 19.0.
Recruitment time series for models 18.0d, 18.0e, and 19.0 are provided in Table 6.
Time series of catch biomass is provided in Table 1.

Negative log-likelihood values and parameter estimates are summarized in Tables 4 and 5,
respectively. Length-specific fishing mortality is equal to selectivity-at-length times the
full fishing mortality. Estimated full pot fishing mortalities for females and full fishing
mortalities for groundfish fisheries bycatch are very low due to low bycatch as well as
handling mortality rates less than 1.0. Estimated recruits varied greatly among years (Table
6). Estimated selectivities for female pot bycatch are close to 1.0 for all mature females,
and the estimated full fishing mortalities for female pot bycatch are lower than for male
retained catch and bycatch (Table 5).

c. Graphs of estimates.

Selectivities and molting probabilities by length are provided in Figures 8 and 9 for
models 18.0d, 18.0e, and 19.0.

One of the most important results is estimated trawl survey selectivity (Figure 8).
Survey selectivity affects not only the fitting of the data but also the absolute
abundance estimates. Estimated survey selectivities in Figure 8 are generally smaller
than the capture probabilities in Figure Al because survey selectivities include capture
probabilities and crab availability. The NMFS survey catchability is estimated to be
0.896 from the trawl experiment. The reliability of estimated survey selectivities will
greatly affect the application of the model to fisheries management. Under- or over-
estimates of survey selectivities will cause a systematic upward or downward bias of
abundance estimates. Information about crab availability to the survey area at survey
times will help estimate the survey selectivities.

For all models, estimated molting probabilities during 1975-2019 (Figure 9) are
generally lower than those estimated from the 1954-1961 and 1966-1969 tagging data
(Balsiger 1974). Lower molting probabilities mean more oldshell crab, possibly due
to changes in molting probabilities over time or shell aging errors. Overestimates or
underestimates of oldshell crab will result in lower or higher estimates of male molting
probabilities.

Estimated total survey biomass and mature male and female abundances are plotted
in Figure 10. Absolute mature male biomasses are illustrated in Figure 11.

The population biomass estimates in 2019 are lower than those in 2018. Among the
three models, model estimated relative survey biomasses and mature biomasses are
very similar. Estimated results are extremely similar for models 18.0d and 18.0e,
indicating that normalizing combined sex or single sex length compositions of Tanner
crab fishery bycatch has little impacts on the results. Gmacs (model 19.0) results in
slightly high relative female biomass estimates after 2004 and slightly low relative
male biomasses during the last 30 years. Models 18.0d and 18.0e fit the BSFRF survey
biomasses better than model 19.0 (gmacs) while Gmacs fits NMFS survey biomasses
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better than the other two models. Like model estimated NMFS survey biomasses, the
Gmacs model (19.0) results in lower mature male biomass estimates (thus lower
recruitment estimates) than the other two models during the last 30 years.

Although the model did not fit the mature crab abundances directly, trends in the
mature abundance estimates agree well with observed survey values (Figure 10b).
Estimated mature crab abundance increased dramatically in the mid-1970s then
decreased precipitously in the early 1980s. Estimated mature crab abundance had
increased during 1985-2009 with mature females being about 3 times more abundant
in 2009 than in 1985 and mature males being about 2 times more abundant in 2009
than in 1985. Estimated mature abundance has declined since 2009 (Figure 10b).
Model estimates of both male and female mature abundances have steadily declined
since the late 2000s. Absolute mature male biomasses for all models have a similar
trend over time (Figure 11).

The fit to BSFRF survey data and estimated survey selectivities are illustrated in
Figures 10c-e.

The recruitment breakpoint analysis done in May 2019 (Appendix B) has similar
results to the analysis done in May 2017, estimating 1984 as the breakpoint brood
year, or 1990 recruitment year with a Beverton-Holt model, and 1986 as the
breakpoint brood year, or 1992 recruitment year with a Ricker model. No recruitment
breakpoint is seen in brook year of 2006. Terminal year recruitment analysis suggests
the estimated recruitment in the last terminal year should not be used for estimating
B3s.

Estimated recruitment time series are plotted in Figure 12 for models 18.0e and
19.0.

Estimated fishing mortality rates are plotted against mature male biomass in Figure
13 for models 18.0d, 18.0e, and 19.0. Recruitment is estimated at the end of year
for model 19.0 while at the beginning of year for models 18.0d and 18.0e.
Therefore, recruitment year is moved up one year for model 19.0 to match those for
models 18.0d and 18.0e.

The average of estimated male recruits from 1984 to 2018 (Figure 12) and mature
male biomass per recruit are used to estimate Basy. Alternative periods of 1976-
present and 1976-1983 are compared in our report. The full fishing mortalities for the
directed pot fishery at the time of fishing are plotted against mature male biomass on
Feb. 15 (Figure 13). Estimated fishing mortalities in most years before the current
harvest strategy was adopted in 1996 were above Fase, (Figure 13). Under the current
harvest strategy, estimated fishing mortalities were at or above the Fas, limits in 1998,
2005, and 2007-2009 for models 18.0d and 18.0e and 1998-1999, 2003, 2005, 2007-
2009, and 2010 for model 19.0, but below the Fasy limits in the other post-1995 years.

For model 18.0e, estimated full pot fishing mortalities ranged from 0.00 to 3.91 during
1975-2018. Estimated values were greater than 0.40 during 1975-1982, 1984-1987,
1990-1991, 1993, 1998 and 2007-2008 (Table 5, Figure 13). For model 19.0 (gmacs),
estimated full pot fishing mortalities ranged from 0.00 to 2.95 during 1975-2018, with
estimated values over 0.40 during 1975-1976, 1978-1982, 1984-1987, 1990-1991,
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1993, 1998, and 2007-2008 (Figure 13). Estimated fishing mortalities for pot female
and groundfish fisheries bycatches are generally less than 0.07.

v. Estimated mature male biomass and recruitment are plotted to illustrate their
relationships with model 18.0e (Figure 14a). Annual stock productivities are
illustrated in Figure 14b.

Stock productivity (recruitment/mature male biomass) is generally lower during the
last 20 years (Figure 14b).

Egg clutch data collected during summer surveys may provide information about
mature female reproductive conditions. Although egg clutch data are subject to rating
errors as well as sampling errors, data trends over time may be useful. Proportions of
empty clutches for newshell mature females >89 mm CL are high in some years before
1990 but have been low since 1990 (Figure 15). The highest proportion of empty
clutches (0.2) was in 1986, and primarily involved soft shell females (shell condition
1). Clutch fullness fluctuated annually around average levels during two periods:
before 1991 and after 1990 (Figure 15). The average clutch fullness is similar for these
two periods (Figure 15). Egg clutch fullness during the last three years is relatively
low.

d. Graphic evaluation of the fit to the data.
i. Observed vs. estimated catches are plotted in Figure 16.

ii. Model fits to total survey biomass are shown in Figure 10 with a standardized
residual plot in Figure 17.

iii. Model fits to catch and survey proportions by length are illustrated in Figures 18-
24 and residual bubble plots are shown in Figures 25-26.

The models (three models) fit the fishery biomass data well and the survey biomass
reasonably well (Figures 10 and 16). Because the model estimates annual fishing mortality
for directed pot male catch, pot female bycatch, trawl and fixed gear bycatch, the deviations
of observed and predicted (estimated) fishery biomass are mainly due to size composition
differences.

The model also fit the length composition data well (Figures 18-24). Modal progressions
are tracked well in the trawl survey data, particularly beginning in mid-1990s (Figures 18
and 19). Cohorts first seen in the trawl survey data in 1975, 1986, 1990, 1995, 1999, 2002
and 2005 can be tracked over time. Some cohorts can be tracked over time in the pot
bycatch as well (Figure 21), but the bycatch data did not track the cohorts as well as the
survey data. Groundfish bycatch data provide little information to track modal progression
(Figures 23 and 24).

Standardized residuals of survey biomasses and proportions of length are plotted to
examine their patterns. Residuals were calculated as observed minus predicted and
standardized by the estimated standard deviation. Standardized residuals of survey
biomasses did not show any consistent patterns (Figure 17). Standardized residuals of
proportions of survey males appear to be random over length and year (Figure 25). There
is an interesting pattern for residuals of proportions of survey females. Residuals are
generally negative for large-sized mature females during 1975-1987 for the three models
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(Figure 26). Also, there are large negative residuals for the last length group during the last
17 years for model 19.0. Changes in growth over time or increased mortality may cause
this pattern. The inadequacy of the model can be corrected by adding parameters to address
these factors or with improved growth data.

Retrospective and historic analyses.

Two kinds of retrospective analyses were conducted for this report: (1) the 2019 model (model
19.0) hindcast results and (2) historical results. The 2019 model results are based on
sequentially excluding one-year of data to evaluate the current model performance with fewer
data. The historical results are the trajectories of biomass and abundance from previous
assessments that capture both new data and changes in methodology over time. Treating the
2019 estimates as the baseline values, we can evaluate how well the model had done in the

past.

Retrospective analysis (retrospective bias in base model or models).

The performance of the 2019 model includes sequentially excluding one-year of data.
Model 19.0 produced some upward biases during 2009-2018 with higher terminal
year estimates of mature male biomass in 2009-2010 and 2014-2017 (Figures 27-28).
Higher than expected BSFRF survey biomass during 2007-2008 and 2013-2016 and
NMFS survey biomass in 2014 likely caused these biases. Also, much lower than
expected NMFS survey biomass during 2018-2019 results in lower biomass estimates
in 2019.

Historic analysis (plot of actual estimates from current and previous assessments).

The model first fit the data from 1985 to 2004 in the terminal year of 2004. Thus,
sequentially incrementing the terminal year provided 16 historical assessments for
comparison with the 2019 assessment model results (Figure 29). The main differences
of the 2004 model were weighting factors and effective sample sizes for the likelihood
functions. In 2004, the weighting factors were 1,000 for survey biomass, 2,000 for
retained catch biomass and 200 for bycatch biomasses. The effective sample sizes
were set to be 200 for all proportion data but weighting factors of 5, 2, and 1 were also
respectively applied to retained catch proportions, survey proportions and bycatch
proportions. Estimates of time series of abundance in 2004 were generally higher than
those estimated after 2004 (Figure 29).

In 2005, to improve the fit for retained catch data, the weight for retained catch
biomass was increased to 3,000 and the weight for retained catch proportions was
increased to 6. All other weights were not changed. In 2006, all weights were re-
configured. No weights were used for proportion data, and instead, effective sample
sizes were set to 500 for retained catch, 200 for survey data, and 100 for bycatch data.
Weights for biomasses were changed to 800 for retained catch, 300 for survey and 50
for bycatch. The weights in 2007 were the same as 2006. Generally, estimates of time
series of abundance in 2005 were slightly lower than in 2006 and 2007, and there were
few differences between estimates in 2006 and 2007 (Figure 29).

In 2008, estimated coefficients of variation for survey biomass were used to compute
likelihood values as suggested by the CPT in 2007. Thus, weights were re-configured
to: 500 for retained catch biomass, 50 for survey biomass, and 20 for bycatch
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biomasses. Effective sample size was lowered to 400 for the retained catch data. These
changes were necessary for the estimation to converge and for a relatively good
balanced fit to both biomasses and proportion data. Also, sizes at 50% selectivities for
all fisheries data were allowed to change annually, subject to a random walk pattern,
for all assessments before 2008. The 2008 model does not allow annual changes in
any fishery selectivities. Except for higher estimates of abundance during the late
1980s and early 1990s, estimates of time series of abundance in 2008 were generally
close to those in 2006 and 2007 (Figure 29).

During 2009-2013, the model was extended to the data through 1968. No weighting
factors were used for the NMFS survey biomass during 2009-2013 assessments. Since
2013, the model has fitted the data only back to 1975 for consistence of trawl survey
data. Two levels of molting probabilities over time were used, shell conditions for
males were combined, and length composition data of the BSFRF survey were used
as well. In 2014 and 2015, the trawl survey time series were re-estimated and a trawl
survey catchability was estimated for some models.

Overall, both historical results (historic analysis) and the 2019 model results (retrospective
analysis) performed reasonably well. No great overestimates or underestimates occurred
as was observed in assessments for Pacific halibut (Hippoglossus stenolepis) (Parma
1993) and some eastern Bering Sea groundfish stocks (Zheng and Kruse 2002; lanelli et
al. 2003). Since the most recent model was not used to set TAC or overfishing limits until
20009, historical implications for management from the stock assessment errors cannot be
evaluated at the current time. However, management implications of the ADF&G stock
assessment model were evaluated by Zheng and Kruse (2002).

Ratios of estimated retrospective recruitments to terminal estimates in 2019 as a function
of number of years estimated in the model show converging to 1.0 as the number of years
increase (Figure 28). Standard deviations of the ratios drop sharply from one year
estimated in the model to two years (Figure 28), showing great uncertainty of recruitment
estimates for terminal years. Based on these results, we suggest not using recruitment
estimates in a terminal year for overfishing/overfished determination.

f. Uncertainty and sensitivity analyses

i. Estimated standard deviations of parameters are summarized in Table 5 for models
18.0d, 18.0e, and 19.0. Estimated standard deviations of mature male biomass are
listed in Table 6.

ii. Probabilities for NMFS trawl survey catchability Q are illustrated in Figure 30 for
model 18.0e using the mcmc approach; estimated Qs are less than 1.0. Probabilities
for mature male biomass and OFL in 2019 are illustrated in Figure 31 for model
18.0e using the mecmc approach. The confidence intervals are quite narrow.

Sensitivity analysis for handling mortality rate was reported in the SAFE report in
May 2010. The baseline handling mortality rate for the directed pot fishery was set
at 0.2. A 50% reduction and 100% increase respectively resulted in 0.1 and 0.4 as
alternatives. Overall, a higher handling mortality rate resulted in slightly higher
estimates of mature abundance, and a lower rate resulted in a minor reduction of
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estimated mature abundance. Differences of estimated legal abundance and mature
male biomass were small among these handling mortality rates.

iv. Sensitivity of weights. Sensitivity of weights was examined in the SAFE report in
May 2010. Weights to biomasses (trawl survey biomass, retained catch biomass,
and bycatch biomasses) were reduced to 50% or increased to 200% to examine their
sensitivity to abundance estimates. Weights to the penalty terms (recruitment
variation and sex ratio) were also reduced or increased. Overall, estimated
biomasses were very close under different weights except during the mid-1970s.
The variation of estimated biomasses in the mid-1970s was mainly caused by the
changes in estimates of additional mortalities in the early 1980s.

g. Comparison of alternative models

These comparisons, based on the data through 2010, were reported in the SAFE report in May
2011. Estimating length proportions in the initial year (scenario 1a) results in a better fit of
survey length compositions at an expense of 36 more parameters than model 1. Abundance
and biomass estimates with model 1a are similar between models. Using only standard survey
data (scenario 1b) results in a poorer fit of survey length compositions and biomass than
scenarios using both standard and re-tow data (scenarios 1, 1a, and 1c) and has the lowest
likelihood value. Although the likelihood value is higher for using both standard survey and
re-tow data for males (scenario 1) than using only standard survey for males (scenario 1c),
estimated abundances and biomasses are almost identical. The higher likelihood value for
scenario 1 over scenario 1c is due to trawl bycatch length compositions.

In this report (September 2019), three models are compared. The population biomass
estimates in 2019 are lower than those in 2018. Among the three models, model estimated
relative NMFS survey biomasses and mature biomasses are very similar. Estimated results
are extremely similar for models 18.0d and 18.0e, indicating that normalizing combined sex
or single sex length compositions of Tanner crab fishery bycatch has little impact on the
results. Gmacs (model 19.0) results in slightly high relative female biomass estimates after
2004 and slightly low relative male biomasses during the last 30 years. Models 18.0d and
18.0e fit the BSFRF survey biomasses better than model 19.0 (gmacs) while Gmacs fits
NMFS survey biomasses better than the other two models. The Gmacs model (19.0) results
in lower mature male biomass estimates (thus lower recruitment estimates) than the other two
models during the last 30 years, which may be explained by a weaker link between NMFS
and BSFRF surveys by Gmacs, resulting in a lower weight for BSFRF survey data through
higher estimated additional CV for BSFRF survey biomass. Lower recruitment estimates in
the 1970s for models 18.0d and 18.0e than for model 19.0 (gmacs) may be caused by the
restriction of the survey selectivity value of the smallest length group. Also, higher
recruitment estimates in the 1970s result in higher high M estimates for model 19.0. All three
models fit the catch and bycatch biomass extremely well.

For negative likelihood value comparisons (Table 4b), models 18.0d and 18.0e have almost
the same likelihood value except for the difference of Tanner crab fishery bycatch length
composition component due to different normalizations. Model 19.0 (gmacs) has many more
penalties and prior-densities than models 18.0d and 18.0e and thus a lower likelihood value.
Generally speaking, model 18.0e fits all length compositions better than model 19.0 except
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for the directed pot fishery female discard. Model 19.0 fits the NMFS survey biomass much
better than model 18.0e while model 18.0e fits the BSFRF survey biomass slightly better.

Since the results are extremely similar for models 18.0d and 18.0e, we prefer 18.0e and
recommend either model 18.0e or model 19.0 (gmacs) for an overfishing definition
determination for September 2019. The Gmacs model (19.0) is preferred due to better fits of
NMFS survey biomass during recent years. The Gmacs generally runs well and maybe it is
time for it to take over the BBRKC assessments.

F. Calculation of the OFL and ABC

1. Bristol Bay RKC is currently placed in Tier 3b (NPFMC 2007).

2. For Tier 3 stocks, estimated biological reference points include Basy and Fasy. Estimated
model parameters are used to conduct mature male biomass-per-recruit analysis.

3. Specification of the OFL.:
The Tier 3 control rule formula is as follows:

a) :* >1 For, = F
B J(BIB -«
b) pf<—=<1 For. = F (—] (8)
B l-«
B . : .
C) = <p directed fishery F =0 and F; <F
Where

B =a measure of the productive capacity of the stock such as spawning biomass or fertilized
egg production. A proxy of B is MMB estimated at the time of primiparous female mating
(February 15).

F” = Fase, a proxy of Fusy, which is a full selection instantaneous F that will produce MSY
at the MSY producing biomass,

B” = Bssw, a proxy of Busy, which is the value of biomass at the MSY producing level,

S = a parameter with restriction that 0 < g <1. A default value of 0.25 is used.
o = a parameter with restriction that 0 <« < £. A default value of 0.1 is used.

Because trawl bycatch fishing mortality is not related to pot fishing mortality, average trawl
bycatch fishing mortality during 2009 to 2018 is used for the per recruit analysis as well as
for projections in the next section. Pot female bycatch fishing mortality is set equal to pot male
fishing mortality times 0.02, an intermediate level during 1990-2018. Some discards of legal
males occurred since the Individual Fishery Quota (IFQ) fishery started in 2005, but the
discard rates were much lower during 2007-2013 than in 2005 after the fishing industry
minimized discards of legal males. However, due to high proportions of large oldshell males,
the discard rate increased greatly in 2014. For models 18.0d and 18.0e, the averages of
retained proportions and total male selectivities during 2017-2018 are used to represent
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current trends for per recruit analysis and projections. Average molting probabilities during
2009-2018 are used for per recruit analysis and projections. For model 19.0, averages of
values during the last five year are used for per recruit analysis. For the models in 2019, the
averages are the same since they are constant over time during at least last 14 years.

Average recruitments during three periods are used to estimate Bsse: 1976-2018, 1984-2018,
and 1991-2018 (Figure 12). Estimated Basse is compared with historical mature male biomass
in Figure 13a. We recommend using the average recruitment during 1984-2018,
corresponding to the 1976/77 regime shift. Note that recruitment period 1984-present has been
used since 2011 to set the overfishing limits. Several factors support our recommendation.
First, estimated recruitment was lower after 1983 than before 1984, which corresponded to
brood years 1978 and later, after the 1976/77 regime shift. Second, high recruitments during
the late 1960s and 1970s generally occurred when the spawning stock was primarily located
in the southern Bristol Bay, whereas the current spawning stock is mainly in the middle of
Bristol Bay. The current flows favor larvae hatched in the southern Bristol Bay (see the section
on Ecosystem Considerations for SAFE reports in 2008 and 2009). Finally, stock productivity
(recruitment/mature male biomass) was higher before the 1976/1977 regime shift.

If we believe that differences in productivity and other population characteristics before 1978
were caused by fishing, not by the regime shift, then we should use the recruitment from 1976-
1983 (corresponding to brood years before 1978) as the baseline to estimate Base. If we
believe that the regime shift during 1976/77 caused the productivity differences, then we
should select the recruitments from period 1984-2018 as the baseline.

The control rule is used for stock status determination. If total catch exceeds OFL estimated
at B, then “overfishing” occurs. If B equals or declines below 0.5 Bwsy (i.e., MSST), the stock
is “overfished.” If B/Bmsy or B/Bmsy-proxy equals or declines below p, then the stock
productivity is severely depleted, and the fishery is closed.

The estimated probability distribution of MMB in 2019 is illustrated in Figure 30. Based on
SSC suggestions in 2011, ABC = 0.9*OFL and in October 2018, ABC = 0.8*OFL. The CPT
also recommended ABC = 0.8*OFL in May 2018, which is used to estimate ABC in this
report.

Status and catch specifications (1,000 t) (model 19.0):
MSST Biomass Retained Total
Year (MMB) TAC Catch Catch OFL ABC
2015/16  12.89  27.68" 4.52 4.61 5.30 6.73 6.06
2016/17 12538  25.81B 3.84 3.92 4.37 6.64 5.97
2017/18 12.74°  24.86° 2.99 3.09 3.60 5.60 5.04
2018/19  10.62° 16.92D 1.95 2.03 2.65 5.34 4.27
2019/20 15.96° 3.40 2.72

The stock was above MSST in 2018/19 and hence was not overfished. Overfishing did not
occur.

Status and catch specifications (million Ibs):
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MSST Biomass Retained Total

Year (MMB) TAC Catch Catch OFL ABC
2015/16 28.47 61.0% 9.97 10.17 11.69 14.84 13.36
2016/17 27.68 56.98 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 23.4P 37.3° 4.31 4.31 5.85 11.76 941
2019/20 35.2° 7.5 6.00

Notes:
A — Calculated from the assessment reviewed by the Crab Plan Team in September 2016
B — Calculated from the assessment reviewed by the Crab Plan Team in September 2017
C — Calculated from the assessment reviewed by the Crab Plan Team in September 2018
D — Calculated from the assessment reviewed by the Crab Plan Team in September 2019

6. Basis for the OFL: Values in 1,000 t (model 19.0):

Bmsy Current  B/Bwmsy Years to Natural
Year Tier MMB (MMB) ForL define Mortality
Bmsy
2015/16 3b 26.1 24.7 0.95 0.27 1984-2015 0.18
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
Basis for the OFL: Values in million Ibs:
Bwmsy Current  B/Bwmsy Years to Natural
Year Tier MMB (MMB) ForL define Mortality
Bmsy
2015/16 3b 57.5 54.4 0.95 0.27 1984-2015 0.18
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

4. Based on the Basy estimated from the average male recruitment during 1984-2018, the

biological reference points and OFL are illustrated in Table 4.

5. Based on the CPT/SSC recommendation of 20% buffer rule in May 2018, ABC = 0.8*OFL

(Table 4).
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G. Rebuilding Analyses
NA.

H. Data Gaps and Research Priorities

1. The following data gaps exist for this stock:
a. Information about changes in natural mortality in the early 1980s;
b. Un-observed trawl bycatch in the early 1980s;
c. Natural mortality;
d. Crab availability to the trawl surveys;
e. Juvenile crab abundance;
f. Female growth per molt as a function of size and maturity;
g. Changes in male molting probability over time.

2. Research priorities:
a. Estimating natural mortality;
b. Estimating crab availability to the trawl surveys;
c. Surveying juvenile crab abundance in nearshore;
d. Studying environmental factors that affect the survival rates from larvae to recruitment.

I. Projections and Future Outlook
1. Projections

Future population projections primarily depend on future recruitment, but crab recruitment is
difficult to predict. Therefore, annual recruitment for the projections is a random selection from
estimated recruitments during 1984-2019. Besides recruitment, the other major uncertainty for the
projections is estimated abundance in 2019. The 2019 abundance is randomly selected from the
estimated normal distribution of the assessment model output for each replicate. Three models of
fishing mortality for the directed pot fishery are used in the projections:

(1) No directed fishery. This was used as a base projection.
(2) Fao%. This fishing mortality creates a buffer between the limits and target levels.
(3) Fas%. This is the maximum fishing mortality allowed under the current overfishing definitions.

Each model is replicated 1,000 times and projections made over 10 years beginning in 2019 (Table
7).

As expected, projected mature male biomasses are much higher without the directed fishing mortality
than under the other models. At the end of 10 years, projected mature male biomass is above Basy, for
all models (Table 7; Figure 32). Projected retained catch for the Fasy, model is higher than those for
the Fa00 model (Table 7, Figure 33). Due to the poor recruitment in recent years, the projected biomass
and retained catch are expected to decline during the next few years.

2. Near Future Outlook
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The near future outlook for the Bristol Bay RKC stock is a declining trend. The three recent above-
average year classes (hatching years 1990, 1994, and 1997) had entered the legal population by 2006
(Figure 34). Most individuals from the 1997-year class will continue to gain weight to offset loss of
the legal biomass to fishing and natural mortalities. The above-average year class (hatching year
2000) with lengths centered around 87.5 mm CL for both males and females in 2006 and with lengths
centered around 112.5-117.5 mm CL for males and around 107.5 mm CL for females in 2008 has
largely entered the mature male population in 2009 and the legal population by 2014 (Figure 34). No
strong cohorts have been observed in the survey data after this cohort through 2010 (Figure 34). There
was a huge tow of juvenile crab of size 45-55 mm in 2011, but these juveniles were not tracked during
2012-2019 surveys. This single tow is unlikely to be an indicator for a strong cohort. The high survey
abundance of large males and mature females in 2014 cannot be explained by the survey data during
the previous years and were also inconsistent with the 2016-2019 survey results (Figure 34). Due to
lack of recruitment, mature and legal crab should continue to decline next year. Current crab
abundance is still low relative to the late 1970s, and without favorable environmental conditions,
recovery to the high levels of the late 1970s is unlikely.
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Table 1a. Bristol Bay red king crab annual catch and bycatch mortality biomass (t) from July 1 to June 30. A handling
mortality rate of 20% for the directed pot, 25% for the Tanner fishery, 80% for trawl, and 50% or fixed gear was
assumed to estimate bycatch mortality biomass.

Retained Catch Pot Bycatch Tanner
Year US Cost- Forei Total Mal Femal Trawl  Fixed Fishery g;)tt;I‘
.S. Recovery oreign ota ales emales Bycat. Bycat. Bycat.
1953 1331.3 4705.6 6036.9 6036.9
1954 1149.9 3720.4 4870.2 4870.2
1955 1029.2 3712.7 4741.9 4741.9
1956 973.4 3572.9 4546.4 4546.4
1957 339.7 3718.1 4057.8 4057.8
1958 32 3541.6 3544.8 3544.8
1959 0.0 6062.3 6062.3 6062.3
1960 2722 12200.7 12472.9 12472.9
1961 193.7 20226.6 20420.3 20420.3
1962 30.8 24618.7 24649.6 24649.6
1963 296.2 24930.8 25227.0 25227.0
1964 3733 26385.5 26758.8 26758.8
1965 648.2 18730.6 19378.8 19378.8
1966 452.2 19212.4 19664.6 19664.6
1967 1407.0 15257.0 16664.1 16664.1
1968 3939.9 12459.7 16399.6 16399.6
1969 4718.7 6524.0 11242.7 11242.7
1970 3882.3 5889.4 9771.7 9771.7
1971 5872.2 2782.3 8654.5 8654.5
1972 9863.4 2141.0 12004.3 12004.3
1973 12207.8 103.4 12311.2 12311.2
1974 19171.7 215.9 19387.6 19387.6
1975 23281.2 0 23281.2 23281.2
1976 28993.6 0 28993.6 682.8 29676.4
1977 31736.9 0 31736.9 1249.9 32986.8
1978 39743.0 0 39743.0 1320.6 41063.6
1979 48910.0 0 48910.0 1331.9 50241.9
1980 58943.6 0 58943.6 1036.5 59980.1
1981 15236.8 0 15236.8 219.4 15456.2
1982 1361.3 0 1361.3 574.9 1936.2
1983 0.0 0 0.0 420.4 420.4
1984 1897.1 0 1897.1 1094.0 2991.1
1985 1893.8 0 1893.8 390.1 2283.8
1986 5168.2 0 5168.2 200.6 5368.8
1987 5574.2 0 5574.2 186.4 5760.7
1988 3351.1 0 3351.1 598.4 3949.4
1989 4656.0 0 4656.0 175.2 4831.2
1990 9236.2 36.6 0 9272.8 526.9 648.0 259.9 10707.6
1991 7791.8 93.4 0 7885.1 407.8 47.3 349.4 1401.8 10091.5
1992 3648.2 33.6 0 3681.8 552.0 400.2 2935 2444 51720
1993 6635.4 24.1 0 6659.6 763.2 634.9 4014 54.6 8513.6
1994 0.0 42.3 0 42.3 3.8 1.9 87.3 108 146.2
1995 0.0 36.4 0 36.4 33 16 82.1 00 1233
1996 3812.7 49.0 0 3861.7 164.6 1.0 90.8 41.4 0.0 41596
1997 3971.9 70.2 0 4042.1 244.7 37.0 57.5 225 0.0 44037
1998 6693.8 85.4 0 6779.2 959.7 579.4 186.1 18.5 0.0 852258
1999 5293.5 84.3 0 5377.9 314.2 5.6 150.5 50.1 0.0 58983
2000 3698.8 39.1 0 3737.9 360.8 166.7 81.7 47 0.0 43519
2001 38115 54.6 0 3866.2 417.9 122.3 192.8 35.3 0.0 4634.4
2002 4340.9 43.6 0 4384.5 442.7 9.2 151.2 29.2 0.0 5016.8
2003 7120.0 15.3 0 7135.3 918.9 360.9 136.9 12.7 0.0 8564.7
2004 6915.2 91.4 0 7006.7 3455 174.6 1735 15.2 0.0 77155
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2013
2014
2015
2016
2017
2018

8305.0
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8399.7
7143.2
9303.9
9216.1
7272.5
6761.5
3607.1
3621.7
3991.0
4538.6
4613.7
3923.9
3093.7
2026.5

1359.5
563.8
1001.3
1165.5
888.1
797.5
395.0
205.2
310.6
584.7
266.1
237.4
225.2
279.6

410.3
37.5
163.3
146.9
93.7
121.8
24.7
12.0
102.9
724
216.3
105.4
53.3
114.8

124.7
151.7
154.1
136.6
95.1
83.3
56.3
34.2
67.1
34.2
45.4
711
96.1
84.3
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19.9
19.6
323
15.6
5.8
2.4
10.9
18.4
555
118.8
7.4
29.3
11.0
148.1

0.0
3.8
1.8
4.0
1.6
0.0
0.0
0.0
28.5
42.0
84.2
0.0
0.0
0.0

10314.1
7919.6
10656.8
10684.6
8356.9
7766.5
4093.9
3891.5
4555.5
5390.8
5303.1
4367.1
3598.7
2653.3
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Table 1b. Annual retained catch (millions of crab) and catch per unit effort of the Bristol Bay red
king crab fishery.

v Japanese Tanglenet Russian Tanglenet U.S. Pot Standardized
ear Catch Crab/tan Catch Crab/tan Catch Crab/Potlift Crab/tan
1960 1.949 15.2 1.995 104 0.088 15.8
1961 3.031 11.8 3.441 8.9 0.062 12.9
1962 4951 11.3 3.019 7.2 0.010 11.3
1963 5.476 8.5 3.019 5.6 0.101 8.6
1964 5.895 9.2 2.800 4.6 0.123 8.5
1965 4.216 9.3 2.226 3.6 0.223 1.7
1966 4.206 9.4 2.560 4.1 0.140 52 8.1
1967 3.764 8.3 1.592 2.4 0.397 37 6.3
1968 3.853 7.5 0.549 2.3 1.278 27 7.8
1969 2.073 7.2 0.369 15 1.749 18 5.6
1970 2.080 7.3 0.320 14 1.683 17 5.6
1971 0.886 6.7 0.265 1.3 2.405 20 5.8
1972 0.874 6.7 3.994 19
1973 0.228 4.826 25
1974 0.476 7.710 36
1975 8.745 43
1976 10.603 33
1977 11.733 26
1978 14.746 36
1979 16.809 53
1980 20.845 37
1981 5.308 10
1982 0.541 4
1983 0.000
1984 0.794 7
1985 0.796 9
1986 2.100 12
1987 2.122 10
1988 1.236 8
1989 1.685 8
1990 3.130 12
1991 2.661 12
1992 1.208 6
1993 2.270 9
1994 0.015
1995 0.014
1996 1.264 16
1997 1.338 15
1998 2.238 15
1999 1.923 12
2000 1.272 12
2001 1.287 19
2002 1.484 20
2003 2.510 18
2004 2.272 23
2005 2.763 30
2006 2.477 31
2007 3.154 28
2008 3.064 22
2009 2.553 21
2010 2.410 18
2011 1.298 28
2012 1.176 30
2013 1.272 27
2014 1.501 26
2015 1.527 31
2016 1.281 38
2017 0.997 20
2018 0.630 20
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Table 2. Annual sample sizes (>64 mm CL) in numbers of crab for trawl surveys, retained catch,
directed pot, Tanner crab, trawl and fixed gear fishery bycatches of Bristol Bay red king crab.

Trawl Survey Retained Pot Pot Trawl & Fixed Tanner Fishery

Year Catch Total Bycatch Gear Bycatch Bycatch
Males  Females Males Females Males Females Males Females

1975 2,815 2,042 29,570

1976 2,699 1,466 26,450 676 2,327

1977 2,734 2,424 32,596 689 14,014

1978 2,735 2,793 27,529 1,456 8,983

1979 1,158 1,456 27,900 2,821 7,228

1980 1,917 1,301 34,747 39,689 47,463

1981 591 664 18,029 49,634 42,172

1982 1,911 1,948 11,466 47,229 84,240

1983 1,343 733 0 104,910 204,464

1984 1,209 778 4,404 147,134 357,981

1985 790 414 4,582 30,693 169,767

1986 959 341 5,773 1,199 927

1987 1,123 1,011 4,230 723 275

1988 708 478 9,833 437 194

1989 764 403 32,858 3,140 1,566

1990 729 535 7,218 2,571 1,416 756 375

1991 1,180 490 36,820 5,024 366 236 90 885 2,198

1992 509 357 23,552 4,769 3,238 212 228 280 685

1993 725 576 32,777 10,334 6,187 232 265

1994 416 239 0 0 0 327 245

1995 685 407 0 0 0 120 40

1996 755 753 8,896 1,778 11 1,035 971

1997 1,280 702 15,747 11,089 939 1,200 445

1998 1,067 1,123 16,131 31,432 10,236 1,623 913

1999 765 618 17,666 13,519 57 2,025 843

2000 734 730 14,091 32,711 8,470 957 661

2001 599 736 12,854 26,460 5,474 3,444 2,406

2002 972 826 15,932 32,612 714 3,262 1,435

2003 1,360 1,250 16,212 45,583 12,971 1,518 1,008

2004 1,852 1,271 20,038 38,782 6,667 1,656 1,508

2005 1,198 1,563 21,938 94,794 26,824 1,814 1,871

2006 1,178 1,432 18,027 66,529 3,646 1,461 1,979

2007 1,228 1,305 22,387 111,575 12,457 1,018 1,099

2008 1,228 1,183 14,567 90,331 8,737 1,794 979

2009 837 941 16,708 92,616 6,050 1,443 853

2010 708 1,004 20,137 66,659 6,862 624 843

2011 531 912 10,706 40,226 1,752 566 1,071

2012 585 707 8,956 20,161 562 1,508 1,752

2013 647 569 10,197 30,261 6,070 4,809 4,198 218 596

2014 1,107 1,257 9,618 28,540 1,953 1,975 2,584 256 381

2015 615 681 11,746 22,022 5,927 1,154 3,734 726 2163

2016 378 812 10,811 26,510 4,315 1,946 3,020

2017 385 508 9,867 27,219 3,834 1,031 1,168

2018 285 359 7,626 22,480 7,386 2,820 3,470

2019 273 299
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Table 3(18.0d). Summary of jittering results for model 18.0d. Run 80 is used for initial conditions.
Runs with “NA” did not converge. The jittering factor is 0.1. Biomass and OFL are int. The R
scripts (100 runs each time) were run twice for total 200 runs; about 100 runs converged. This
table has the second 100 runs.

Run Neg.log.liklihood Max gradient Baso B2o19 OFL2019
1 NA NA NA NA NA
2 NA NA NA NA NA
3 NA NA NA NA NA
4 -23551.2 0.00007 24922.1 17613.9 3555.0
5 NA NA NA NA NA
6 NA NA NA NA NA
7 NA NA NA NA NA
8 -23555.1 0.00002 24675.6 17795.4 3665.6
9 NA NA NA NA NA

10 -23551.2 0.00013 24922.1 17613.9 3555.0
11 NA NA NA NA NA
12 NA NA NA NA NA
13 NA NA NA NA NA
14 NA NA NA NA NA
15 -23570.3 0.00002 24977.9 17867.6 3643.6
16 NA NA NA NA NA
17 NA NA NA NA NA
18 NA NA NA NA NA
19 NA NA NA NA NA
20 -23558.5 0.00004 24803.0 17802.3 3645.6
21 NA NA NA NA NA
22 -23570.3 0.00007 24977.9 17867.6 3643.6
23 NA NA NA NA NA
24 NA NA NA NA NA
25 NA NA NA NA NA
26 NA NA NA NA NA
27 -23551.2 0.00004 24922.1 17613.9 3555.0
28 -23570.3 0.00005 24977.9 17867.6 3643.6
29 -23551.2 0.00002 24922.1 17613.9 3555.0
30 -23551.2 0.00002 24922.1 17613.9 3555.0
31 NA NA NA NA NA
32 NA NA NA NA NA
33 NA NA NA NA NA
34 -23570.0 0.00025 24912.9 17814.5 3632.1
35 NA NA NA NA NA
36 NA NA NA NA NA
37 NA NA NA NA NA
38 NA NA NA NA NA
39 -23558.5 0.00006 24803.0 17802.3 3645.6
40 NA NA NA NA NA
1 NA NA NA NA NA
42 -23551.2 0.00003 24922.1 17613.9 3555.0
43 NA NA NA NA NA
44 NA NA NA NA NA
45 NA NA NA NA NA
46 NA NA NA NA NA
47 -23570.2 0.00017 24906.9 17818.4 3634.9
48 -23570.3 0.00005 24977.9 17867.6 3643.6
49 -23558.5 0.00004 24803.0 17802.3 3645.6
50 NA NA NA NA NA
51 NA NA NA NA NA
52 -23570.3 0.00021 24977.9 17867.6 3643.6
53 -23549.5 0.00008 24841.1 17576.7 3536.1
54 NA NA NA NA NA
55 -23551.2 0.00001 24922.1 17613.9 3555.0
56 NA NA NA NA NA
57 -23551.2 0.00007 24922.1 17613.9 3555.0
58 NA NA NA NA NA
59 NA NA NA NA NA
60 -23570.3 0.00017 24977.9 17867.6 3643.6
61 NA NA NA NA NA
62 NA NA NA NA NA
63 NA NA NA NA NA
64 -23551.2 0.00007 24922.1 17613.9 3555.0
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0.00007
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Table 3(18.0e). Summary of jittering results for model 18.0e. Run 62 is used for initial conditions.
Runs with “NA” did not converge. The jittering factor is 0.1. Biomass and OFL are int. The R
scripts (100 runs each time) were run twice for total 200 runs; about 100 runs converged. This
table has the second 100 runs.

Run Neg.log.liklihood Max gradient Baso B2o19 OFL2019
1 NA NA NA NA NA
2 NA NA NA NA NA
3 -23649.0 0.00005 24985.0 17480.4 3480.6
4 NA NA NA NA NA
5 NA NA NA NA NA
6 NA NA NA NA NA
7 NA NA NA NA NA
8 -23667.7 0.00006 24990.3 176715 3550.7
9 -23655.1 0.00008 24810.2 17674.9 3587.0

10 -23649.0 0.00007 24985.0 17480.4 3480.6
11 NA NA NA NA NA
12 -23649.0 0.00004 24985.0 17480.4 3480.6
13 NA NA NA NA NA
14 -23667.9 0.00034 25054.1 17723.9 3562.1
15 NA NA NA NA NA
16 -23667.9 0.00008 25054.1 17723.9 3562.1
17 NA NA NA NA NA
18 NA NA NA NA NA
19 -23649.0 0.00017 24985.0 17480.4 3480.6
20 -23649.0 0.00004 24985.0 17480.4 3480.6
21 -23649.0 0.00003 24985.0 17480.4 3480.6
22 -23649.0 0.00005 24985.0 17480.4 3480.6
23 NA NA NA NA NA
24 -23667.7 0.00130 24990.3 176715 3550.7
25 NA NA NA NA NA
26 NA NA NA NA NA
27 NA NA NA NA NA
28 NA NA NA NA NA
29 NA NA NA NA NA
30 -23649.0 0.00017 24985.0 17480.4 3480.6
31 NA NA NA NA NA
32 NA NA NA NA NA
33 -23649.0 0.00021 24985.0 17480.4 3480.6
34 -23649.0 0.00007 24985.0 17480.4 3480.6
35 NA NA NA NA NA
36 NA NA NA NA NA
37 NA NA NA NA NA
38 -23641.9 0.00008 24485.5 17009.8 33445
39 NA NA NA NA NA
40 -23647.2 0.00002 24906.8 17443.9 3462.0
1 -23649.0 0.00003 24985.0 17480.4 3480.6
42 -23649.0 0.00002 24985.0 17480.4 3480.6
43 -23667.9 0.00005 25054.1 17723.9 3562.1
44 -23649.0 0.00004 24985.0 17480.4 3480.6
45 -23649.0 0.00028 24985.0 17480.4 3480.6
46 NA NA NA NA NA
47 -23667.9 0.00025 25054.1 17723.9 3562.1
48 NA NA NA NA NA
49 NA NA NA NA NA
50 -23649.0 0.00004 24985.0 17480.4 3480.6
51 -23666.3 0.00058 24980.2 17734.0 3583.8
52 -23649.0 0.00002 24985.0 17480.4 3480.6
53 -23647.2 0.00002 24906.8 17443.9 3462.0
54 NA NA NA NA NA
55 -23649.0 0.00008 24985.0 17480.4 3480.6
56 NA NA NA NA NA
57 -23649.0 0.00005 24985.0 17480.4 3480.6
58 -23666.4 0.00005 24994.5 17681.7 3555.5
59 NA NA NA NA NA
60 NA NA NA NA NA
61 NA NA NA NA NA
62 -23667.9 0.00001 25054.1 17723.9 3562.1
63 -23647.2 0.00002 24906.8 17443.9 3462.0
64 NA NA NA NA NA
65 -23649.0 0.00001 24985.0 17480.4 3480.6
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Table 4a. Number of parameters and the list of likelihood components for the model (Models
18.0d, 18.0e, and 19.0 (gmacs)).

Parameter counts 18.0d 18.0e 19.0
Fixed growth parameters 9 9 9
Fixed recruitment parameters 2 2 2
Fixed length-weight relationship parameters 6 6 6
Fixed mortality parameters 4 4 4
Fixed survey catchability parameter 1 1 1
Fixed high grading parameters 0 0 0
Total number of fixed parameters 22 22 22
Free survey catchability parameter 1 1 1
Free growth parameters 6 6 6
Initial abundance (1975) 1 1 1
Recruitment-distribution parameters 2 2 2
Mean recruitment parameters 1 1 1
Male recruitment deviations 44 44 44
Female recruitment deviations 44 44 44
Natural mortality parameters 3 3 3
Mean & offset fishing mortality parameters 4 4 6
Pot male fishing mortality deviations 44 44 44
Bycatch mortality from the Tanner crab fishery 12 12 50
Pot female bycatch fishing mortality deviations 29 29 29
Trawl bycatch fishing mortality deviations 43 43 43
Fixed gear bycatch fishing mortality deviations 23 23 23
Initial (1975) length compositions 35 35 35
BSFRF survey extra CV 1 1 1
Free selectivity parameters 25 25 28
Total number of free parameters 318 318 361
Total number of fixed and free parameters 340 340 383
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Table 4b. Negative log likelihood components for Models 18.0d, 18.0e, and 19.0 (gmacs), their
differences and some management quantities. Highlighted cells in yellow color are not comparable
between model 19.0 and the other two models due to different constants in likelihood functions
and between model 18.0d and the other two models due to sex-specific length compositions and
sex combined length compositions for Tanner crab fishery bycatch. Red values show large
differences from the other models.

Model Difference

Negative log likelihood 18.0d 18.0e 19.0 18.0d -18.0e 18.0e — 19.0
R-variation 68.81 69.41 136.83 -0.60 -67.42
Length-like-retained -3553.66 -3553.84 -3551.90 0.18 -1.94
Length-like-tot male -2071.65 -2072.02 -2065.00 0.37 -7.02
Length-like-discfemale -1293.43 -1292.83 -1304.17 -0.60 11.34
Length-like-survey -6734.97 -6734.48 -6730.33 -0.49 -4.15
Length-like-disctrawl -5461.31 -5461.65 -5446.30 0.34 -15.35
Length-like-discfix -3057.86 -3056.94 -3004.06 -0.92 -52.88
Length-like-discTanner -691.89 -790.47 -780.75 98.58 -9.72
Length-like-bsfrfsurvey -854.88 -855.28 -846.14 0.40 -9.13
Catchbio_retained 17.32 17.42 -62.26 -0.10 79.68
Catchbio_tot/discmale 60.42 60.55 22.53 -0.13 38.02
Catchbio-discfemale 0.05 0.04 -50.49 0.00 50.53
Catchbio-disctrawl 0.02 0.02 -59.58 0.00 59.60
Catchbio-discfix 0.00 0.00 -87.08 0.00 87.08
Catchbio-discTanner 0.01 0.00 -31.88 0.00 31.88
Biomass-trawl survey -7.96 -8.67 -22.06 0.71 13.39
Biomass-bsfrfsurvey -8.90 -8.85 -7.75 -0.05 -1.10
Q-trawl survey 0.59 0.67 -0.09

Others 19.00 19.01 340.03 -0.01 -321.02
Total -23570 -23668 -23550 97.60 -118
Free parameters 318 318 361 0 -43
Basos(t) 24978 25054 21247 -76.200 3807
Fasw 0.304 0.304 0.299 0.000 0.005
MMB019(t) 17868 17724 15957 143.700 1767.282
OFL 2019 3643.6 3562.1 3403.4 81.450 158.763
ABCan(t) 2914.9 2849.7 2722.7 65.160 127.010
Fofizo1g 0.208 0.205 0.216 0.003 -0.011
Q 0.923 0.925 0.925 -0.002 0.000
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Table 5(18.0d). Summary of estimated model parameter values and standard deviations and limits for model
18.0d for Bristol Bay red king crab. All values are on a log scale. Male recruit in year t is exp(mean+males;),
and female recruit in year t is exp(mean+males-+females;).

Year Recruits F for Directed Pot Fishery E for Trawl
Females SD Males SD Males SD Females SD Estimate SD
Mean 15.905 0.034 15.905 0.034 -1.570 0.041 0.013 0.001 -4521 0.074
Limits?t 13,18 13,18 -3.0,0.0 .001,0.1 -8.5,-1.0
Limits| -15,15 -15,15 -15,2.93 -6.0,3.5 -10,10

1975 0.755 0.136

1976 0.216 0.572 0.402 0.414 0.726 0.096 0.215 0.129
1977 0.565 0.405 0.567 0.257 0.658 0.075 0.688 0.118
1978 0.582 0.377 0.763 0.232 0.825 0.062 0.734 0.112
1979 0.830 0.284 1.157 0.197 1.130 0.056 0.915 0.110
1980 0.353 0.290 1.636 0.166 2.110 0.059 1.789 0.112
1981 0.174 0.354 0.939 0.249 2.925 0.014 1.648 0.115
1982 0.074 0.150 2.373 0.109 1.381 0.120 2.812 0.119
1983 0.207 0.222 1.464 0.142 -9.999 0.054 2.345 0.113
1984 0.765 0.172 1.118 0.125 1.026 0.096 3.349 0.115
1985 -0.233 0.410 -0.289 0.222 0.945 0.096 2.051 0.114
1986 0.735 0.172 0.425 0.124 1.191 0.074 1.005 0.113
1987 -0.089 0.377 -0.344 0.187 0.765 0.065 0.577 0.110
1988 -0.054 0.401 -0.808 0.211 -0.126 0.054 1.387 0.105
1989 -0.293 0.346 -0.517 0.176 0.010 0.049 -0.025 0.105
1990 0.243 0.179 0.268 0.111 0.703 0.044 1.947 0.088 0.439 0.105
1991 0.018 0.247 -0.111 0.134 0.693 0.046 -0.647 0.089 0.857 0.106
1992 -0.432 0.460 -1.264 0.244 0.104 0.051 2.128 0.090 0.685 0.106
1993 -0.259 0.265 -0.362 0.141 0.823 0.057 1.937 0.093 1.176  0.110
1994 -0.089 0.434 -1.198 0.249 -4.313 0.054 1.285 0.121 -0.564 0.107
1995 -0.032 0.089 1.266 0.068 -4.725 0.045 1.443 0.123 -0.846  0.105
1996 -1.051 0.442 -0.617 0.260 -0.186 0.044 -3.656 0.140 -0.782  0.105
1997 -0.889 0.435 -0.880 0.241 -0.100 0.044 -0.332 0.087 -1.248 0.105
1998 -0.610 0.308 -0.008 0.146 0.683 0.047 1.579 0.086 0.024 0.104
1999 0.023 0.150 0.721 0.096 0.299 0.045 -2.708 0.093 -0.261 0.104
2000 -0.155 0.353 -0.243 0.193 -0.275 0.044 1.179 0.083 -1.020 0.104
2001 0.186 0.353 -0.341 0.212 -0.319 0.044 0.858 0.083 -0.255 0.103
2002 0.378 0.128 0.949 0.093 -0.192 0.043 -1.937 0.088 -0.547 0.103
2003 -0.306 0.453 -0.448 0.252 0.274 0.042 1.156 0.082 -0.632  0.103
2004 -0.191 0.382 -0.185 0.206 0.259 0.042 0.360 0.083 -0.395 0.103
2005 0.128 0.154 0.868 0.095 0.555 0.044 0.859 0.083 -0.674 0.103
2006 -0.200 0.279 0.261 0.137 0.349 0.043 -1.384 0.083 -0.503 0.103
2007 -0.526 0.312 -0.074 0.148 0.662 0.043 -0.278 0.082 -0.448 0.103
2008 -0.002 0.341 -0.725 0.202 0.810 0.046 -0.548 0.084 -0.508 0.103
2009 0.234 0.323 -0.568 0.188 0.582 0.047 -0.761 0.084 -0.893 0.104
2010 0.701 0.193 0.080 0.121 0.412 0.047 -0.318 0.084 -1.073 0.104
2011 0.191 0.350 -0.336 0.165 -0.280 0.046 -1.225 0.085 -1.557 0.105
2012 0.171 0.326 -0.613 0.177 -0.337 0.046 -1.897 0.087 -2.099 0.106
2013 -0.302 0.331 -0.687 0.161 -0.191 0.047 0.116 0.083 -1.423 0.106
2014 -0.181 0.411 -1.292 0.215 0.041 0.049 -0.433 0.085 -2.054 0.108
2015 0.120 0.293 -0.799 0.177 0.080 0.053 0.672 0.087 -1.722  0.109
2016 -0.132 0.275 -0.384 0.167 -0.015 0.059 0.110 0.090 -1.224  0.110
2017 -0.312 0.402 -0.846 0.238 -0.191 0.065 -0.335 0.093 -0.877 0.112
2018 -0.284 0.398 -0.547 0.262 -0.527 0.070 0.829 0.095 -1.068 0.113
2019 -0.275 0.474 -0.773 0.317
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Table 5(18.0d) (continued). Summary of estimated model parameter values and standard deviations and limits
for model 18.0d for Bristol Bay red king crab. For initial year length composition deviations, the first 20 length
groups are for males and the last 16 length groups are for females.

Initial Length Composition 1975

Parameter Value SD Limits Length Value SD Limits
Mm80-84 0.478 0.031 0.184, 1.0 68 1.030 0.422 -4.2.4.2
Mf80-84 0.843  0.040 0.276, 1.5 73 0.700  0.589 -4.2,4.2
Mf76-79,85-93 0.090 0.012 0.0, 0.108 78 0.510 0.427 -4.2,4.2
log_betal, females 0.693 0.130 -0.67, 1.32 83 0.697 0.289 -4.2,4.2
log_betal, males -0.050 0.214 -0.67, 1.32 88 0.558 0.270 -4.2,4.2
log_betar, females -0.509 0.207 -1.14, 05 93 0.445 0.269 -4.2,4.2
log_betar, males -0.494  0.173 -1.14, 05 98 0.472 0.255 -4.2,4.2
Bsfrf_ CV 0.130 0.066 0.00,0.40 103 0.334 0.271 -4.2,4.2
moltp_slope, 75-78 0.109 0.017 0.01, 0.259 108 0.425 0.255 -4.2,4.2
moltp_slope, 79-19 0.093 0.005 0.01, 0.259 113 0.487 0.248 -4.2,4.2
log_moltp_L50, 75-78 4951 0.013 4.445,5.52 118 0.269 0.286 -4.2,4.2
log_moltp_L50, 79-19 4938 0.005 4.445,5.52 123 0.281 0.281 -4.2,4.2
log_N75 19.927  0.055 15.0, 22.0 128 0.138  0.309 -4.2,4.2
log_avg_L50_tot 4,754  0.010 4.38, 545 133 0.271 0.263 -4.2,4.2
tot_fish_slope 0.104  0.006 0.05, 0.57 138 0.080 0.198 -4.2,4.2
Log_ret _L50, 75-04 4,922 0.002 46, 51 143 -0.185  0.196 -4.2,4.2
Ret_fish_slope, 75-04 0.498 0.032 0.05, 0.87 148 -0.362 0.200 -4.2,4.2
Log_ret_L50, 05-19 4929 0.003 4.6, 5.1 153 -0.725 0.227 -4.2,4.2
Ret_fish_slope, 05-19 0.503 0.065 0.05, 0.7 158 -1.257 0.284 -4.2,4.2
pot disc.fema., slope 0.092 0.016 0.05, 0.43 163 -1.295 0.286 -4.2,4.2
log_pot disc.fema., L50 4552  0.038 4.20, 4.666 68 1.620 0.436 -4.2,4.2
trawl disc slope 0.059 0.003 0.01, 0.20 73 1.513 0.437 -4.2,4.2
log_trawl disc L50 5.171 0.061 4.50, 5.40 78 1.508 0.357 -4.2,4.2
log_srv_L50, m, bsfrf 4362 0.033 3.359, 548 83 1.352 0.319 -4.2,4.2
srv_slope, f, bsfrf 0.044  0.008 0.01, 0.134 88 1.261 0.268 -4.2,4.2
log_srv_L50, f, bsfrf 4514 0.049 3.471, 5539 93 0.763 0.308 -4.2,4.2
log_srv_L50, m, 75-81 4343 0.025 3.551, 5.864 98 0.376 0.372 -4.2,4.2
srv_slope, f, 75-81 0.102  0.013 0.01, 0.303 103 0.103 0.428 -4.2,4.2
log_srv_L50, f, 75-81 4444  0.027 3.709, 4.80 108 -0.058  0.426 -4.2,4.2
log_srv_L50, m, 82-19 4,066 0.279 3.709, 5.10 113 -0.265 0.453 -4.2,4.2
srv_slope, f, 82-19 0.086  0.029 0.01, 0.43 118 -0.891 0.678 -4.2,4.2
log_srv_L50, f, 82-19 4,172  0.063 3.709, 4.90 123 -1.093  0.751 -4.2,4.2
TC_slope, females 0.339 0.104 0.02, 0.40 128 -1.465 0.917 -4.2,4.2
log_TC_L50, females 4530 0.015 4.24, 490 133 -2.561 1.950 -4.2,4.2
TC_slope, males 0.212 0.068 0.05, 0.90 138 -2.916 2.403 -4.2,4.2
log_TC_L50, males 4567 0.020 4.25, 5.14 143 NA NA
Q 0.923 0.022 059,12
log_TC_F, males, 91 -4.011  0.091 -10.0, 1.00
log_TC_F, males, 92 -5.992  0.093 -10.0, 1.00
log_TC_F, males, 93 -6.715  0.097 -10.0, 1.00
log_TC_F, males, 13 -8.208  0.092 -10.0, 1.00
log_TC_F, males, 14 -7.331  0.091 -10.0, 1.00
log_TC_F, males, 15 -6.897  0.093 -10.0,1.00
log_TC_F, females, 91 -2.897  0.096 -10.0, 1.00
log_TC_F, females, 92 -4538 0.099 -10.0, 1.00
log_TC_F, females, 93 -6.436  0.102 -10.0, 1.00
log_TC_F, females, 13 -7.724  0.090 -10.0, 1.00
log_TC_F, females, 14 -7.586  0.090 -10.0, 1.00
log TC_F, females, 15 -6.562  0.089 -10.0, 1.00
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Table 5(18.0d) (continued). Summary of estimated model parameter values and standard deviations and
limits for model 18.0d for Bristol Bay red king crab. For initial year length composition deviations, the first
20 length groups are for males and the last 16 length groups are for females.

Fixed gear bycatch

Parameter Value SD Limits
log avg fmortf -7.318 0.105 -8.5,-0.5
fmortf_96dev 0.793 0.107 -10, 10
fmortf_97dev 0.149 0.107 -10, 10
fmortf_98ev -0.038 0.108 -10, 10
fmortf_99dev 0.862 0.104 -10, 10
fmortf_00dev -1.596 0.121 -10, 10
fmortf_Oldev 0.358 0.104 -10, 10
fmortf_02dev 0.113 0.104 -10, 10
fmortf_03dev -0.724 0.108 -10, 10
fmortf_04dev -0.548 0.106 -10, 10
fmortf_05dev -0.265 0.105 -10, 10
fmortf_06dev -0.321 0.105 -10, 10
fmortf_07ev 0.207 0.103 -10, 10
fmortf_08dev -0.503 0.107 -10, 10
fmortf_09dev -1.526 0.117 -10, 10
fmortf_10dev -2.446 0.139 -10, 10
fmortf_11ev -0.967 0.108 -10, 10
fmortf_12dev -0.448 0.105 -10, 10
fmortf_13dev 0.666 0.102 -10, 10
fmortf_143dev 1.465 0.102 -10, 10
fmortf_15dev 1.086 0.103 -10, 10
fmortf_16dev 0.169 0.106 -10, 10
fmortf_17dev 1.719 0.105 -10, 10
fmortf_18dev 1.795 0.106 -10, 10
Fix_slo 0.079 0.007 0,0.2

log_150 4.876 0.037 45,54
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Table 5(18.0e). Summary of estimated model parameter values and standard deviations and limits for model
18.0e for Bristol Bay red king crab. All values are on a log scale. Male recruit in year t is exp(mean+males;),
and female recruit in year t is exp(mean+males-+females;).

Year Recruits F for Directed Pot Fishery E for Trawl
Females SD Males SD Males SD Females SD Estimate SD
Mean 15.901 0.034 15.901 0.034 -1.561 0.041 0.013 0.001 -4509 0.074
Limits?t 13,18 13,18 -3.0,0.0 .001,0.1 -8.5,-1.0
Limits| -15,15 -15,15 -15,2.93 -6.0,3.5 -10,10

1975 0.752 0.135

1976 0.168 0.578 0.402 0.415 0.724 0.096 0.220 0.129
1977 0.532 0.412 0.571 0.257 0.659 0.075 0.691 0.118
1978 0.555 0.382 0.772 0.231 0.823 0.062 0.735 0.112
1979 0.811 0.286 1.170 0.197 1.127 0.056 0.913 0.110
1980 0.332 0.292 1.654 0.166 2.107 0.059 1.788 0.112
1981 0.143 0.358 0.956 0.247 2.925 0.017 1.646 0.115
1982 0.085 0.149 2.383 0.109 1.378 0.120 2.811 0.118
1983 0.208 0.224 1.467 0.142 -9.999 0.053 2.347 0.113
1984 0.789 0.172 1.110 0.125 1.028 0.096 3.357 0.115
1985 -0.261 0.419 -0.300 0.222 0.951 0.096 2.064 0.114
1986 0.772 0.173 0.402 0.125 1.200 0.074 1.021 0.113
1987 -0.025 0.381 -0.374 0.188 0.777 0.065 0.594 0.110
1988 0.003 0.408 -0.839 0.213 -0.112 0.054 1.402 0.105
1989 -0.269 0.360 -0.549 0.181 0.024 0.049 -0.011 0.105
1990 0.263 0.188 0.296 0.111 0.720 0.044 1.927 0.088 0.455 0.105
1991 0.041 0.264 -0.142 0.140 0.716 0.047 -0.679 0.089 0.872 0.106
1992 -0.468 0.464 -1.225 0.243 0.119 0.052 2.089 0.090 0.693 0.107
1993 -0.254 0.269 -0.353 0.142 0.839 0.058 1.897 0.093 1.185 0.110
1994 -0.110 0.442 -1.188 0.249 -4.303 0.054 1.251 0.121 -0.560 0.107
1995 -0.015 0.090 1.271 0.068 -4.722 0.045 1.420 0.123 -0.846  0.105
1996 -1.057 0.446 -0.614 0.260 -0.184 0.044 -3.671 0.140 -0.784  0.105
1997 -0.914 0.440 -0.873 0.240 -0.101 0.044 -0.341 0.087 -1.252  0.105
1998 -0.617 0.315 -0.005 0.146 0.681 0.047 1574 0.086 0.020 0.104
1999 0.046 0.151 0.724 0.096 0.295 0.045 -2.709 0.093 -0.267 0.104
2000 -0.145 0.357 -0.238 0.193 -0.281 0.044 1.181 0.083 -1.028 0.104
2001 0.172 0.362 -0.336 0.211 -0.326 0.044 0.863 0.083 -0.263  0.103
2002 0.408 0.127 0.950 0.093 -0.199 0.043 -1.931 0.088 -0.555 0.103
2003 -0.334 0.462 -0.445 0.252 0.267 0.042 1.163 0.082 -0.641 0.103
2004 -0.201 0.390 -0.181 0.205 0.252 0.042 0.368 0.083 -0.403 0.103
2005 0.149 0.156 0.871 0.095 0.548 0.044 0.867 0.083 -0.682 0.103
2006 -0.180 0.283 0.265 0.137 0.342 0.043 -1.375 0.083 -0.510 0.103
2007 -0.534 0.318 -0.071 0.148 0.656 0.043 -0.269 0.082 -0.455 0.103
2008 -0.005 0.345 -0.720 0.201 0.803 0.046 -0.539 0.084 -0.514 0.104
2009 0.233 0.328 -0.559 0.187 0.576 0.048 -0.752 0.084 -0.898 0.104
2010 0.709 0.205 0.060 0.125 0.405 0.047 -0.308 0.084 -1.079  0.105
2011 0.166 0.360 -0.297 0.165 -0.287 0.046 -1.213 0.085 -1.563 0.105
2012 0.120 0.342 -0.599 0.181 -0.344 0.046 -1.882 0.087 -2.106  0.107
2013 -0.238 0.340 -0.748 0.172 -0.198 0.047 0.133 0.084 -1.430 0.106
2014 -0.171 0.420 -1.315 0.216 0.035 0.049 -0.415 0.085 -2.059 0.108
2015 0.132 0.294 -0.798 0.175 0.075 0.054 0.690 0.087 -1.727  0.109
2016 -0.132 0.278 -0.390 0.166 -0.023 0.059 0.132 0.090 -1.230 0.110
2017 -0.312 0.406 -0.847 0.237 -0.197 0.065 -0.315 0.093 -0.882 0.112
2018 -0.290 0.402 -0.550 0.261 -0.528 0.070 0.845 0.095 -1.070 0.114
2019 -0.304 0.478 -0.770 0.316
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Table 5(18.0e) (continued). Summary of estimated model parameter values and standard deviations and limits
for model 18.0e for Bristol Bay red king crab. For initial year length composition deviations, the first 20 length
groups are for males and the last 16 length groups are for females.

Initial Length Composition 1975

Parameter Value SD Limits Length Value SD Limits
Mm80-84 0.484 0.031 0.184, 1.0 68 1.034 0.423 -4.0,4.0
Mf80-84 0.844 0.040 0.276, 1.5 73 0.703 0.592 -4.0,4.0
Mf76-79,85-93 0.089 0.012 0.0, 0.108 78 0.512 0.430 -4.0,4.0
log_betal, females 0.749 0.133  -0.67, 1.32 83 0.704 0.291 -4.0,4.0
log_betal, males -0.042 0.213 -0.67, 1.32 88 0.563 0.271 -4.0,4.0
log_betar, females -0.470 0.213 -1.14, 05 93 0.449 0.270 -4.0,4.0
log_betar, males -0.501 0.173 -1.14, 05 98 0.476 0.255 -4.0,4.0
Bsfrf_CV 0.131 0.067  0.00, 0.40 103 0.337 0.271 -4.0,4.0
moltp_slope, 75-78 0.109 0.017  0.01, 0.259 108 0.429 0.255 -4.0,4.0
moltp_slope, 79-19 0.093 0.005  0.01, 0.259 113 0.491 0.248 -4.0,4.0
log_moltp_L50, 75-78 4951 0.013  4.445,5.52 118 0.273 0.286 -4.0,4.0
log_moltp_L50, 79-19 4.939 0.005  4.445,5.52 123 0.285 0.282 -4.0,4.0
log_N75 19.916 0.054 15.0, 22.0 128 0.142 0.309 -4.0,4.0
log_avg_L50_tot 4.754 0.010 4.38, 5.45 133 0.275 0.263 -4.0,4.0
tot_fish_slope 0.104 0.006  0.05, 0.57 138 0.085 0.198 -4.0,4.0
Log_ret _L50, 75-04 4.922 0.002 4.6, 5.1 143 -0.179 0.195 -4.0,4.0
Ret_fish_slope, 75-04 0.498 0.032  0.05, 0.87 148 -0.356 0.200 -4.0,4.0
Log_ret_L50, 05-19 4.929 0.003 4.6, 5.1 153 -0.719 0.227 -4.0,4.0
Ret_fish_slope, 05-19 0.504 0.066  0.05, 0.7 158 -1.251 0.284 -4.0,4.0
pot disc.fema., slope 0.092 0.016  0.05, 0.43 163 -1.289 0.286 -4.0,4.0
log_pot disc.fema., L50 4.553 0.039  4.20, 4.666 68 1.634 0.427 -4.0,4.0
trawl disc slope 0.059 0.003 0.01, 0.20 73 1513 0.431 -4.0,4.0
log_trawl disc L50 5.175 0.062 4.50, 540 78 1.492 0.354 -4.0,4.0
log_srv_L50, m, bsfrf 4.360 0.033  3.359, 5.48 83 1.333 0.318 -4.0,4.0
srv_slope, f, bsfrf 0.042 0.008 0.01, 0.134 88 1.250 0.270 -4.0,4.0
log_srv_L50, f, bsfrf 4.528 0.052  3.471, 5.539 93 0.760 0.307 -4.0,4.0
log_srv_L50, m, 75-81 4.344 0.025  3.551, 5.864 98 0.374 0.372 -4.0,4.0
srv_slope, f, 75-81 0.103 0.013  0.01, 0.303 103 0.098 0.432 -4.0,4.0
log_srv_L50, f, 75-81 4.441 0.027  3.709, 4.80 108 -0.067 0.432 -4.0,4.0
log_srv_L50, m, 82-19 4.085 0.264  3.709, 5.10 113 -0.259 0.454 -4.0,4.0
srv_slope, f, 82-19 0.086 0.028 0.01, 0.43 118 -0.899 0.686 -4.0,4.0
log_srv_L50, f, 82-19 4.175 0.063  3.709, 4.90 123 -1.090 0.752 -4.0,4.0
TC_slope, females 0.375 0.149 0.02, 0.40 128 -1.475 0.928 -4.0,4.0
log_TC_L50, females 4.510 0.017  4.24, 490 133 -2.571 1.971 -4.0,4.0
TC_slope, males 0.146 0.072  0.05, 0.90 138 -2.936 2.452 -4.0,4.0
log_TC_L50, males 4.614 0.041 4.25, 5.14 143 NA NA
Q 0.925 0.022 0.59,1.2
log_TC_F, males, 91 -5.193 0.100  -10.0, 1.00
log_TC_F, males, 92 -7.155 0.109 -10.0, 1.00
log_TC_F, males, 93 -7.411 0.115 -10.0, 1.00
log_TC_F, males, 13 -9.490 0.117  -10.0, 1.00
log_TC_F, males, 14 -8.213 0.101  -10.0, 1.00
log_TC_F, males, 15 -8.250 0.103  -10.0,1.00
log_TC_F, females, 91 -3.302 0.095 -10.0, 1.00
log_TC_F, females, 92 -4.961 0.098 -10.0, 1.00
log_TC_F, females, 93 -7.133 0.102  -10.0, 1.00
log_TC_F, females, 13 -8.056 0.092 -10.0, 1.00
log_TC_F, females, 14 -8.112 0.092 -10.0, 1.00
log_ TC F, females, 15 -6.860 0.089 -10.0, 1.00
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Table 5(18.0e) (continued). Summary of estimated model parameter values and standard deviations and limits
for model 18.0e for Bristol Bay red king crab. For initial year length composition deviations, the first 20 length
groups are for males and the last 16 length groups are for females.

Fixed gear bycatch

Parameter Value SD Limits
log avg fmortf -7.321 0.109 -8.5,-0.5
fmortf_96dev 0.794 0.107 -10, 10
fmortf_97dev 0.149 0.107 -10, 10
fmortf_98ev -0.040 0.108 -10, 10
fmortf_99dev 0.860 0.104 -10, 10
fmortf_00dev -1.598 0.121 -10, 10
fmortf_Oldev 0.356 0.104 -10, 10
fmortf_02dev 0.112 0.104 -10, 10
fmortf_03dev -0.725 0.108 -10, 10
fmortf_04dev -0.550 0.106 -10, 10
fmortf_05dev -0.266 0.105 -10, 10
fmortf_06dev -0.322 0.105 -10, 10
fmortf_07ev 0.206 0.103 -10, 10
fmortf_08dev -0.504 0.107 -10, 10
fmortf_09dev -1.527 0.117 -10, 10
fmortf_10dev -2.447 0.139 -10, 10
fmortf_11ev -0.968 0.108 -10, 10
fmortf_12dev -0.447 0.105 -10, 10
fmortf_13dev 0.668 0.102 -10, 10
fmortf_143dev 1.466 0.102 -10, 10
fmortf_15dev 1.087 0.103 -10, 10
fmortf_16dev 0.171 0.106 -10, 10
fmortf_17dev 1.723 0.105 -10, 10
fmortf_18dev 1.802 0.106
Fix_slo 0.079 0.007 0,0.2

log_150 4.876 0.038 45,54
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Table 5(19.0 (gmacs)). Summary of estimated model parameter values and standard deviations for model
19.0 for Bristol Bay red king crab.

index name value  std.dev index name value std.dev
1 theta[4] 19.8860 0.0541 47 log_slx_pars[2] 2.2279 0.0601
2 theta[5] 15.8870  0.0357 48 log_slx_pars[3] 4.4324 0.0158
3 theta[7] 0.6174  0.1108 49 log_sIx_pars[4] 1.3801 0.2385
4 theta[9] -0.6054  0.2492 50 log_sIx_pars[5] 5.1654 0.0622
5 theta[13] 0.9618 0.3275 51 log_slx_pars[6] 2.8603 0.0458
6 theta[14] 0.5115 0.3800 52 log_slx_pars[7] 4.7531 0.1952
7 theta[15] 0.6825 0.2992 53 log_slx_pars[8] 2.7840 0.6570
8 theta[16] 0.5458 0.2856 54 log_slx_pars[9] 45120 0.0189
9 theta[17] 0.3997 0.2844 55 log_slx_pars[10] 0.9697 0.4020
10 theta[18] 0.3918 0.2726 56 log_slx_pars[11] 4.7388 0.0193
11 theta[19] 0.2547 0.27%4 57 log_slx_pars[12] 2.2370 0.1008
12 theta[20] 0.3117 0.2700 58 log_slx_pars[13] 4.1055 0.2218
13 theta[21] 0.3607 0.2659 59 log_slx_pars[14] 1.9086 0.9221
14 theta[22] 0.1665 0.2875 60 log_slx_pars[15] 4.1919 0.1679
15 theta[23] 0.1792  0.2830 61 log_slx_pars[16] 3.2211 0.3563
16 theta[24] 0.0680 0.2956 62 log_slx_pars[17] 4.2620 0.0776
17 theta[25] 0.1355  0.2777 63 log_slx_pars[18] 2.2824 0.2724
18 theta[26] 0.0404  0.2197 64 log_slx_pars[19] 3.7585 437.38
19 theta[27] -0.1844  0.2132 65 log_slx_pars[20] 0.3462 705.80
20 theta[28] -0.3530 0.2156 66 log_slx_pars[21] 4.3311 0.0392
21 theta[29] -0.6881  0.2306 67 log_slx_pars[22] 2.2613 0.1368
22 theta[30] -1.1358  0.2519 68 log_slx_pars[23] 4.4430 0.0120
23 theta[31] -1.1660  0.2538 69 log_slx_pars[24] 2.3198 0.0678
24 theta[52] 0.4016 0.8919 70 log_slx_pars[25] 4.9221 0.0016
25 theta[53] 1.7498 0.5125 71 log_slx_pars[26] 0.6971 0.0658
26 theta[54] 1.7336  0.4210 72 log_slx_pars[27] 4.9285 0.0022
27 theta[55] 1.3695 0.3630 73 log_slx_pars[28] 0.6875 0.1266
28 theta[56] 1.1422  0.3196 74 log_fbar[1] -1.5107 0.0444
29 theta[57] 0.6046  0.3435 75 log_fbar[2] -4.2908 0.0793
30 theta[58] 0.2403  0.3631 76 log_fbar[3] -5.3966 0.2026
31 theta[59] 0.0141  0.3652 77 log_fbar[4] -6.8678 0.0621
32 theta[60] -0.1622  0.3523 78 log_fdev[1] 0.6155 0.1227
33 theta[61] -0.4977  0.3726 79 log_fdev[1] 0.6255 0.0905
34 theta[62] -0.8844  0.3846 80 log_fdev[1] 0.5777 0.0722
35 theta[63] -1.1433  0.3900 81 log_fdev[1] 0.7350 0.0604
36 theta[64] -1.3765  0.3888 82 log_fdev[1] 1.0144 0.0557
37 theta[65] -1.7565  0.3775 83 log_fdev[1] 1.9643 0.0661
38 theta[66] -1.8673  0.3735 84 log_fdev[1] 2.5926 0.2089
39 theta[67] -1.8070  0.3523 85 log_fdev[1] 0.9540 0.2505
40 Grwth[21] 0.9626  0.1940 86 log_fdev[1] -8.9290 0.1417
41 Grwth[42] 1.4708  0.1303 87 log_fdev[1] 0.9397 0.1057
42 Grwth[85] 139.9700 1.6684 88 log_fdev[1] 0.9554 0.0977
43 Grwth[86] 0.0624  0.0094 89 log_fdev[1] 1.1917 0.0777
44 Grwth[87] 139.1200 0.7011 90 log_fdev[1] 0.7571 0.0674
45 Grwth[88] 0.0773  0.0043 91 log_fdev[1] -0.1530 0.0556
46 log_slx_pars[1] 4.7552  0.0093 92 log_fdev[1] -0.0138 0.0502
93 log_fdev[1] 0.6557  0.0422 143 log_fdev[2] -1.1511 0.1042
94 log_fdev[1] 0.6747  0.0445 144 log_fdev[2] 0.1750 0.1047
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0.2585
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Table 6(18.0d). Annual abundance estimates (million crab), mature male biomass (MMB, 1000 t), and total
survey biomass (1000 t) for red king crab in Bristol Bay estimated by length-based analysis (model 18.0d)
from 1975-2019. Mature male biomass for year t is on Feb. 15, year t+1. Size measurements are mm
carapace length.

Males Females Total Total Survey Biomass
Year (t) Mature Legal MMB somMmp | Mature Re(?rjits Model Est. ~ Area-Swept
(>119 mm) (>134mm) (>119 mm) (>89 mm) (>64 mm) (>64 mm)
1975 60.031 29.488 87.311 9.288 61.746 254.789 202.731
1976 69.275 36.952 102.099 8.245 98.922 27.072 290.871 331.868
1977 72.498 42.178 109.316 6.572 122.581 39.315 296.211 375.661
1978 73.932 44272 107.789 4,732 117.258 48.334 282.262 349.545
1979 63.591 42.902 84.055 3.072 103.569 84.667 255.690 167.627
1980 43.303 32.196 20.017 0.787 97.763 100.486 222.204 249.322
1981 12.192 6.733 3.314 0.344 46.200 45.250 92.560 132.669
1982 4.881 1.364 4.023 0.464 21.841 180.012 47.927 143.740
1983 5.407 1.658 6.195 0.507 16.642 77.943 46.066 49.320
1984 6.207 2.367 5.372 0.501 17.408 77.817 46.872 155.311
1985 8.630 2.221 11.243 0.799 15.317 10.849 37.452 34.535
1986 13.643 5.195 17.199 1.153 20.986 38.143 48.057 48.158
1987 15.759 7.429 22.355 1.328 24.785 10.972 53.251 70.263
1988 15.796 9.195 26.816 1.382 28.180 7.017 55.674 55.372
1989 16.735 10.461 29.296 1.333 25.562 8.411 57.424 55.941
1990 16.370 11.068 25.506 1.275 21.494 24.044 56.949 60.321
1991 12.875 9.342 20.169 1.222 19.971 14.599 51.241 85.055
1992 10.279 7.233 18.893 1.187 20.443 3.765 45.966 37.687
1993 11.246 6.787 16.882 1.213 18.746 9.973 44.995 53.703
1994 11.059 6.353 22.462 1.279 15.799 4.672 40.190 32.335
1995 11.693 8.248 25.598 1.274 15.489 56.406 47.164 38.396
1996 12.033 9.022 24.061 1.225 21.338 5.881 55.815 44.649
1997 11.559 8.285 22.850 1.214 28.840 4,732 60.793 85.277
1998 16.872 8.146 26.033 1.389 27.247 12.366 64.458 85.176
1999 18.139 10.134 30.141 1.566 24.168 33.605 64.281 65.604
2000 15.770 11.299 30.262 1.563 26.339 11.771 66.438 68.102
2001 15.320 10.926 30.228 1.518 30.027 12.663 69.980 53.188
2002 17.758 10.833 33.430 1.514 30.202 51.313 75.199 69.786
2003 18.613 12.132 32.903 1.494 36.251 8.961 80.561 116.794
2004 16.951 11.797 30.450 1.433 42.993 12.263 81.979 131.910
2005 18.800 11.012 30.796 1.404 41.117 41.140 84.116 107.341
2006 18.452 11.520 31.622 1.405 42.233 19.076 85.210 95.676
2007 16.926 11.590 27.371 1.357 46.143 11.941 87.600 104.841
2008 17.782 10.147 26.911 1.421 44.567 7.824 85.630 114.430
2009 18.257 10.367 29.039 1.526 40.562 10.366 81.532 91.673
2010 17.122 11.060 28.819 1.532 37.170 26.395 78.826 81.642
2011 14.805 10.678 28.941 1.486 38.061 12.760 76.276 67.053
2012 13.616 10.285 27.827 1.427 40.705 9.577 76.212 61.248
2013 13.764 9.651 27.401 1.402 39.424 7.068 74.994 62.410
2014 13.719 9.513 26.299 1.410 36.202 4.072 71.898 114.103
2015 12.571 9.111 24.192 1.421 32.206 7.728 67.046 64.240
2016 11.157 8.318 22.115 1.432 28.730 10.334 61.908 61.231
2017 9.681 7.502 20.025 1.421 26.873 6.007 57.679 52.922
2018 8.793 6.678 18.984 1.414 25.180 8.195 54.449 28.932
2019 9.040 6.333 17.868 1.257 23.196 6.562 52.381 28.744
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Table 6(18.0e). Annual abundance estimates (million crab), mature male biomass (MMB, 1000 t), and total
survey biomass (1000 t) for red king crab in Bristol Bay estimated by length-based analysis (model 18.0e)
from 1975-2019. Mature male biomass for year t is on Feb. 15, year t+1. Size measurements are mm
carapace length.

Males Females Total Total Survey Biomass
Year (t) Mature Legal MMB somMmp | Mature Re(?rjits Model Est. ~ Area-Swept
(>119 mm) (>134mm) (>119 mm) (>89 mm) (>64 mm) (>64 mm)
1975 59.708 29.357 86.794 9.288 60.901 253.555 202.731
1976 68.850 36.736 101.362 8.245 97.382 26.264 289.362 331.868
1977 72.022 41.881 108.769 6.572 120.490 38.495 294.618 375.661
1978 73.648 44.072 107.463 4,732 115.766 47.767 281.477 349.545
1979 63.458 42.791 84.008 3.072 102.577 84.296 255.554 167.627
1980 43.342 32.195 20.032 0.787 97.257 100.718 222.907 249.322
1981 12.233 6.738 3.304 0.344 46.243 45.065 93.241 132.669
1982 4.881 1.361 4.014 0.464 21.824 182.201 48.027 143.740
1983 5.399 1.654 6.161 0.507 16.891 77.868 46.141 49.320
1984 6.169 2.353 5.308 0.501 17.529 78.203 46.770 155.311
1985 8.533 2.195 11.083 0.799 15.458 10.554 37.153 34.535
1986 13.469 5.131 16.896 1.153 21.079 38.069 47.599 48.158
1987 15.495 7.308 21.899 1.328 24.976 10.932 52.594 70.263
1988 15.497 9.019 26.274 1.382 28.397 6.966 54.890 55.372
1989 16.395 10.260 28.713 1.333 25.903 8.197 56.598 55.941
1990 16.028 10.854 24.875 1.275 21.900 24.902 56.285 60.321
1991 12.553 9.117 19.715 1.222 20.524 14.259 50.724 85.055
1992 10.074 7.078 18.456 1.187 21.223 3.846 45.964 37.687
1993 11.142 6.648 16.573 1.213 19.416 10.036 45.089 53.703
1994 10.961 6.268 22.188 1.279 16.362 4.649 40.307 32.335
1995 11.596 8.172 25.337 1.274 15.954 56.942 47.335 38.396
1996 11.967 8.951 23.859 1.225 21.905 5.870 56.017 44.649
1997 11511 8.232 22.694 1.214 29.361 4.709 60.995 85.277
1998 16.838 8.109 25.916 1.389 27.773 12.327 64.665 85.176
1999 18.115 10.111 30.061 1.566 24.610 33.962 64.496 65.604
2000 15.748 11.285 30.203 1.563 26.807 11.835 66.642 68.102
2001 15.298 10.914 30.180 1.518 30.502 12.576 70.161 53.188
2002 17.734 10.822 33.384 1.514 30.655 52.111 75.405 69.786
2003 18.593 12.123 32.863 1.494 36.872 8.847 80.750 116.794
2004 16.932 11.789 30.415 1.433 43.657 12.209 82.119 131.910
2005 18.770 11.004 30.747 1.404 41.753 41.545 84.242 107.341
2006 18.419 11.508 31.566 1.405 42.891 19.243 85.317 95.676
2007 16.894 11.574 27.313 1.357 46.809 11.891 87.681 104.841
2008 17.748 10.130 26.848 1.421 45.228 7.816 85.689 114.430
2009 18.226 10.350 28.978 1.526 41.129 10.405 81.574 91.673
2010 17.093 11.045 28.763 1.532 37.648 25.902 78.815 81.642
2011 14.781 10.663 28.894 1.486 38.408 13.040 76.183 67.053
2012 13.594 10.273 27.785 1.427 40.847 9.407 76.040 61.248
2013 13.700 9.637 27.306 1.402 39.508 6.811 74.757 62.410
2014 13.687 9.478 26.236 1.410 36.207 3.981 71.607 114.103
2015 12.587 9.097 24.211 1.421 32.194 7.760 66.717 64.240
2016 11.121 8.330 22.069 1.432 28.736 10.225 61.548 61.231
2017 9.588 7.480 19.882 1.421 26.872 5.976 57.261 52.922
2018 8.694 6.620 18.799 1.414 25.149 8.121 53.989 28.932
2019 8.938 6.263 17.724 1.257 23.157 6.475 51.898 28.744
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Table 6(19.0 (gmacs)). Annual abundance estimates (million crab), mature male biomass (MMB, 1000 t),
and total survey biomass (1000 t) for red king crab in Bristol Bay estimated by length-based analysis (model
19.0) from 1975-2019. Mature male biomass for year t is on Feb. 15, year t+1. Size measurements are mm
carapace length.

Males Females Total Total Survey Biomass
otal
Year (t) Mature Legal MMB somMmp | Mature Recruits ~ Model Est.  Area-Swept
(>119 mm) (>134mm) (>119 mm) (>89 mm) (>64 mm) (>64 mm)
1975 60.013 31.266 89.668 9.026 59.402 245.609 199.643
1976 68.767 37.982 103.099 8.150 101.748 79.100 286.741 327.615
1977 73.301 42.737 111.413 6.758 127.694 49.292 297.867 371.223
1978 76.290 45.682 112.315 5.184 122.553 67.057 288.972 343.189

1979 65.780 44.876 88.970 3.893 110.496 117.610 265.792 165.449
1980 46.428 34.324 22.284 1.449 107.015 136.747 237.289 247.226

1981 13.282 7.357 4.406 1.000 48.577 65.721 95.769 131.145
1982 5.844 1.798 5.002 0.853 22.574 184.622 56.314 141.898
1983 5.827 2.023 6.485 0.624 14.163 87.142 51.163 48.476
1984 6.089 2.425 5.002 0.482 13.672 73.417 48.779 152.607
1985 8.160 2.119 10.494 0.779 10.874 11.954 37.092 34.138
1986 13.016 5.016 16.119 1.122 15.728 37.103 47.952 47.434
1987 15.244 7.162 21.384 1.297 19.162 11.406 53.809 69.245
1988 15.147 8.928 25.688 1.324 23.539 7.877 56.368 54.597
1989 16.078 10.112 28.107 1.245 21.216 6.851 57.494 55.136
1990 15.426 10.675 24.071 1.148 17.598 23.809 56.091 59.451
1991 11.850 8.810 18.388 1.071 15.844 10.969 49.885 83.892
1992 9.431 6.593 16.988 1.026 16.274 2.970 43.918 37.334
1993 10.368 6.181 15.120 1.065 13.681 7.488 41.818 52.906
1994 9.981 5.804 20.284 1.138 10.628 2.433 36.021 32.104
1995 10.389 7.509 22.954 1121 10.526 49.105 41.818 38.068
1996 10.480 8.083 21.040 1.065 15.191 8.082 50.924 43.959
1997 9.696 7.185 19.337 1.040 22.961 4.010 56.929 84.030
1998 15.080 6.984 21.774 1.248 21.144 11.942 61.268 84.101
1999 16.300 8.808 25.643 1.423 18.714 27.801 60.442 64.754
2000 14.183 9.877 26.160 1.438 20.209 11.696 62.886 67.381
2001 14.087 9.649 26.795 1.415 23.118 12.340 67.141 52.455
2002 16.781 9.912 30.610 1.440 23.367 42.039 72.670 69.086
2003 17.806 11.439 30.459 1.423 27.869 10.414 79.331 115.760
2004 16.258 11.166 28.517 1.358 33.605 10.556 81.671 130.556
2005 18.610 10.587 29.917 1.360 32.486 38.793 84.149 105.727
2006 17.982 11.452 30.976 1.358 34.000 17.244 86.136 94.477
2007 16.516 11.446 26.773 1.311 39.312 12.820 89.784 103.327
2008 17.324 10.018 26.378 1.381 37.971 6.858 88.219 113.082
2009 17.616 10.254 28.203 1.476 35.000 8.305 84.053 90.547
2010 16.550 10.806 27.986 1.478 31.940 21.424 80.599 80.501
2011 14.173 10.382 27.772 1.427 31.872 13.424 77.823 66.408
2012 12.836 9.842 26.402 1.361 34.208 8.308 77.765 60.697
2013 12.981 9.149 25.863 1.335 33.254 6.275 76.588 62.217
2014 13.187 9.033 24.778 1.349 30.592 3.410 73.272 113.135
2015 11.990 8.679 22.755 1.372 27.207 5.818 67.561 64.175
2016 10.455 7.881 20.503 1.398 24.032 9.158 61.615 60.958
2017 8.816 6.976 18.163 1.396 22.168 4.008 56.695 52.935
2018 7.901 6.052 16.932 1.398 20.652 6.132 52.748 28.805
2019 8.125 5.673 15.957 1.496 18.570 4.720 49.822 28.539
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Table 7(18.0e). Comparison of projected mature male biomass (1000 t) on Feb. 15, retained catch (1000 t),
their 95% limits, and mean fishing mortality with no directed fishery, Faos, and Fsse harvest strategy with
Fs0 constraint during 2018-2027. Parameter estimates with model 18.0e are used for the projection.

No Directed Fishery
Year MMB 95% LCI  95% UCI Catch 95% LCI  95% UCI
2019 20.911 17.712 23.932 0.000 0.000 0.000
2020 22.863 19.365 26.166 0.000 0.000 0.000
2021 24.595 20.832 28.149 0.000 0.000 0.000
2022 26.250 22.328 30.138 0.000 0.000 0.000
2023 29.361 23.989 39.509 0.000 0.000 0.000
2024 33.884 25.578 52.244 0.000 0.000 0.000
2025 38.730 27.121 61.231 0.000 0.000 0.000
2026 43.296 28.544 70.041 0.000 0.000 0.000
2027 47.428 30.699 77.976 0.000 0.000 0.000
2028 51.265 32.069 84.474 0.000 0.000 0.000

Fa0%
2019 18.287 15.823 20.552 2.678 1.928 3.448
2020 17.992 15.792 19.981 2.518 1.883 3.148
2021 17.796 15.769 19.612 2.445 1.876 2.998
2022 17.785 15.891 19.590 2.417 1.898 2.941
2023 19.193 16.083 27.580 2.607 1.959 3.699
2024 21.686 16.276 36.240 3.046 2.010 5.078
2025 24.081 16.406 40.001 3.650 2.046 6.730
2026 25.897 16.834 44.376 4212 2.152 7.530
2027 27.174 17.548 46.821 4.647 2.290 8.384
2028 28.209 17.872 48.426 4,952 2.402 8.975

Fas0
2019 17.798 15.458 19.941 3.175 2.300 4,070
2020 17.212 15.187 19.033 2.852 2.156 3.536
2021 16.841 15.007 18.477 2.689 2.089 3.267
2022 16.726 15.016 18.330 2.612 2.076 3.152
2023 18.024 15.125 25.831 2.807 2.113 4,147
2024 20.330 15.235 34.276 3.312 2.149 5.751
2025 22.455 15.322 37.051 3.998 2.169 7.621
2026 23.969 15.740 40.553 4.606 2.275 8.397
2027 24.961 16.363 43.313 5.047 2.409 9.320
2028 25.750 16.680 44.114 5.338 2.534 9.887
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Figure 1. Current harvest rate strategy (line) for the Bristol Bay red king crab fishery and
annual prohibited species catch (PSC) limits (numbers of crab) of Bristol Bay red king crab
in the groundfish fisheries in zone 1 in the eastern Bering Sea. Harvest rates are based on
current-year estimates of effective spawning biomass (ESB), whereas PSC limits apply to
previous-year ESB.
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Figure 2. Data types and ranges used for the stock assessment.
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Figure 3. Retained catch biomass and bycatch mortality biomass (t) for Bristol Bay red king crab
from 1953 to 2018. Handling mortality rates were assumed to be 0.2 for the directed pot fishery,
0.25 for the Tanner crab fishery, 0.8 for the trawl fisheries, and 50% for the fixed gear fisheries.
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Figure 4. Comparison of survey legal male abundances and catches per unit effort for Bristol Bay
red king crab from 1968 to 2018.
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Figure 5a. Survey abundances by 5-mm carapace length bin for male Bristol Bay red king crab from 1968 to 2019.
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Figure 5b. Survey abundances by 5 mm carapace length bin for female Bristol Bay red king crab from 1968 to 2019.
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Figure 6. Relationship between implied effective sample sizes (section 3(a)(5)(i)) and effective
sample sizes for length/sex composition data with model 18.0e: trawl survey data.
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Figure 7. Relationship between implied effective sample sizes (section 3(a)(5)(i)) and effective
sample sizes for length/sex composition data with model 18.0e: directed pot fishery data.
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Figure 8a(18.0d). Estimated NMFS trawl survey selectivities under model 18.0d. Pot, Tanner crab,
fixed gear and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8,

respectively.



C4 BBRKC SAFE
OCTOBER 2019

o
—
p————— ) =
P ‘o"
Pl - - -~ :
P P
L d - . / 4
%) R
@ 7
>
3]
Q
[}
wn
>
O
c
>
wn
(7))
L
=
=z
—— Males 1975-81
— — Females 1975-81
=== Males 1982-2019
-=—- Females 1982-2019
o
o
T T T T T T T T T T
70 80 90 100 110 120 130 140 150 160

Length (mm)

Figure 8a(18.0e). Estimated NMFS trawl survey selectivities under model 18.0e. Pot, Tanner crab,
fixed gear and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8,

respectively.
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Figure 8a(19.0(gmacs)). Estimated NMFS trawl survey selectivities under model 19.0. Pot, Tanner
crab, fixed gear and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8,

respectively.
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Figure 8b. Comparisons of estimated NMFS trawl survey selectivities for period 1982-2019 under
models 18.0d, 18.0e, and 19.0 (gmacs). Pot, Tanner crab, fixed gear and trawl handling mortality
rates were assumed to be 0.2, 0.25, 0.5 and 0.8, respectively.
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Figure 8c(18.0e). Estimated total pot fishery selectivities and retained proportions and groundfish
fisheries bycatch selectivities under model 18.0e. Pot, Tanner crab, fixed gear and trawl handling

mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8, respectively.
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Figure 8c(19.0). Estimated total pot fishery selectivities and retained proportions and groundfish
fisheries bycatch selectivities under model 19.0. Pot, Tanner crab, fixed gear and trawl handling

mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8, respectively.
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Figure 9(18.0e). Comparison of estimated probabilities of molting of male red king crab in Bristol
Bay for different periods with model 18.0e. Molting probabilities for periods 1954-1961 and 1966-

1969 were estimated by Balsiger (1974) from tagging data. Molting probabilities for 1975-2019
were estimated with a length-based model.
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Figure 9(19.0). Comparison of estimated probabilities of molting of male red king crab in Bristol
Bay for different periods with model 19.0. Molting probabilities for periods 1954-1961 and 1966-
1969 were estimated by Balsiger (1974) from tagging data. Molting probabilities for 1975-2019
were estimated with a length-based model.
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Figure 10a. Comparisons of area-swept estimates of total NMFS survey biomass and model
prediction for model estimates in 2019 under models 18.0d, 18.0e, and 19.0 (gmacs). Pot, Tanner
crab, fixed gear and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5 and 0.8,
respectively. The error bars are plus and minus 2 standard deviations.
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Figure 10b. Comparisons of NMFS survey area-swept estimates of male (>119 mm) and female
(>89 mm) abundance and model prediction for model estimates in 2019 under models 18.0d, 18.0e,
and 19.0. Pot, Tanner crab, fixed gear and trawl handling mortality rates were assumed to be 0.2,
0.25, 0.5 and 0.8, respectively.
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Figure 10c. Comparisons of total survey biomass estimates by the BSFRF survey and the model
for model estimates in 2019 (models 18.0d, 18.0e, and 19.0). The error bars are plus and minus 2
standard deviations of model 19.0.
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Figure 10d. Comparisons of estimated BSFRF survey selectivities with models 18.0d, 18.0e, and
19.0. The catchability is assumed to be 1.0.
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Figure 10e(18.0d, 18.0e & 19.0). Comparisons of length compositions by the BSFRF survey and
the model estimates during 2007-2008 and 2013-2016 with models 18.0d (solid black), 18.0e
(dashed red) and 19.0 (green lines).
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Figure 11. Estimated absolute mature male biomasses during 1975-2019 for models 18.0d, 18.0e, and
19.0.
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Figure 12(18.0e & 19.0). Estimated recruitment time series during 1976-2019 with models 18.0e and
19.0 (gmacs). Mean male recruits during 1984-2018 was used to estimate Baso.
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Figure 13a(18.0d). Relationships between full fishing mortalities for the directed pot fishery and
mature male biomass on Feb. 15 during 1975-2019 under model 18.0d. Average of recruitment from
1984 to 2018 was used to estimate Bwmsy. Pot, Tanner crab, fixed gear, and trawl handling mortality
rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 13a(18.0e). Relationships between full fishing mortalities for the directed pot fishery and
mature male biomass on Feb. 15 during 1975-2019 under model 18.0e. Average of recruitment from
1984 to 2018 was used to estimate Bwusy. Pot, Tanner crab, fixed gear, and trawl handling mortality
rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 13a(19.0). Relationships between full fishing mortalities for the directed pot fishery and
mature male biomass on Feb. 15 during 1975-2019 under model 19.0. Average of recruitment from
1984 to 2017 was used to estimate Bwmsy. Pot, Tanner crab, fixed gear, and trawl handling mortality
rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 13b. Comparison of estimated natural mortality and directed pot fishing mortality for
models models 18.0e and 19.0. Pot, Tanner crab, fixed gear, and trawl handling mortality rates
were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 14a. Relationships between mature male biomass on Feb. 15 and total recruits at age 5 (i.e.,
6-year time lag) for Bristol Bay red king crab with pot handling mortality rate of 0.2 under model
18.0e. Numerical labels are years of mating, and the vertical dotted line is the estimated Bssy based
on the mean recruitment level during 1984 to 2018.
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Figure 14b. Relationships between log recruitment per mature male biomass and mature male
biomass on Feb. 15 for Bristol Bay red king crab with pot handling mortality rate of 0.2 under
model 18.0e. Numerical labels are years of mating, and the line is the regression line for data of
1978-2013.
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Figure 15. Average clutch fullness and proportion of empty clutches of newshell (shell conditions
1 and 2) mature female crab >89 mm CL from 1975 to 2019 from survey data. Oldshell females
were excluded. The blue dashed line is the mean clutch fullness during two periods before 1992
and after 1991.
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Figure 16a. Observed and predicted RKC catch mortality biomass under models 18.0d(solid
black), 18.0e (dashed red), and 19.0 (green lines). Mortality biomass is equal to caught biomass

times a handling mortality rate.
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Figure 16b. Observed and predicted RKC bycatch mortality biomass from groundfish fisheries and
the Tanner crab fishery under models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green
lines). Mortality biomass is equal to caught biomass times a handling mortality rate. Pot, Tanner
crab, fixed gear, and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8,

respectively. Trawl bycatch biomass was 0 before 1976.
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Figure 17(18.0d). Standardized residuals of NMFS survey biomass under model 18.0d. Pot, Tanner
crab, fixed gear, and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8,

respectively.
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Figure 17(18.0e). Standardized residuals of NMFS survey biomass under model 18.0e. Pot, Tanner
crab, fixed gear, and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8,

respectively.
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Figure 17(19.0). Standardized residuals of NMFS survey biomass under model 19.0. Pot, Tanner
crab, fixed gear, and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8,

respectively.
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Figure 18(18.0d, 18.0e & 19.0 (gmacs)). Comparison of area-swept and model estimated NMFS
survey length frequencies of Bristol Bay male red king crab by year under models 18.0d(solid
black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 19(18.0d, 18.0e & 19.0 (gmacs)). Comparison of area-swept and model estimated NMFS
survey length frequencies of Bristol Bay female red king crab by year under models 18.0d (solid
black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 20(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observed and model estimated retained
length frequencies of Bristol Bay male red king crab by year in the directed pot fishery under
models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 21(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated total
observer length frequencies of Bristol Bay male red king crab by year in the directed pot fishery
under models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 22(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated discarded
length frequencies of Bristol Bay female red king crab by year in the directed pot fishery under
models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 23(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated discarded
length frequencies of Bristol Bay male red king crab by year in the groundfish trawl fisheries under
models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Carapace length group (mm)
Figure 23(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated discarded

length frequencies of Bristol Bay female red king crab by year in the groundfish trawl fisheries
under models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 24(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated discarded
length frequencies of Bristol Bay male red king crab by year in the groundfish fixed gear fisheries

under models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 24(18.0d, 18.0e, & 19.0 (gmacs)). Comparison of observer and model estimated discarded
length frequencies of Bristol Bay female red king crab by year in the groundfish fixed gear fisheries

under models 18.0d(solid black), 18.0e (dashed red), and 19.0 (green lines).
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Figure 24(18.0d). Comparison of observer and model estimated discarded length frequencies of
Bristol Bay red king crab by year in the Tanner crab fishery under model 18.0d. The sum of each
sex length composition for each year is 1.0.
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Figure 25(18.0d). Standardized residuals of proportions of NMFS survey male red king crab by
year and carapace length (mm) under model 18.0d. Green circles are positive residuals, and red
circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were
assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 25(18.0e). Standardized residuals of proportions of NMFS survey male red king crab by
year and carapace length (mm) under model 18.0e. Green circles are positive residuals, and red
circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were
assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 25(19.0 (gmacs)). Standardized residuals of proportions of NMFS survey male red king
crab by year and carapace length (mm) under model 19.0. Green circles are positive residuals, and
red circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates

were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 25(18.0d). Standardized residuals of proportions of NMFS survey female red king crab by
year and carapace length (mm) under model 18.0d. Green circles are positive residuals, and red
circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were
assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 25(18.0e). Standardized residuals of proportions of NMFS survey female red king crab by
year and carapace length (mm) under model 18.0e. Green circles are positive residuals, and red
circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were

assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 25(19.0 (gmacs)). Standardized residuals of proportions of NMFS survey female red king
crab by year and carapace length (mm) under model 19.0. Green circles are positive residuals, and
red circles are negative residuals. Pot, Tanner crab, fixed gear, and trawl handling mortality rates

were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 27. Comparison of hindcast estimates of mature male biomass on Feb. 15 (top) and total
abundance (bottom) of Bristol Bay red king crab from 1975 to 2019 made with terminal years 2009-
2019 with model 19.0 (gmacs). These are results of the 2019 model. Legend shows the terminal year.
Pot, Tanner crab, fixed gear, and trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and
0.8, respectively.
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Figure 28a. Comparison of hindcast estimates of total recruitment for model 19.0 (gmacs) of Bristol
Bay red king crab from 1976 to 2019 made with terminal years 2009-2019. These are results of the
2019 model. Legend shows the terminal year. Pot, Tanner crab, fixed gear, and trawl handling
mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 28b. Evaluation of Bristol Bay red king crab retrospective errors on recruitment estimates
as a function of the number of years in the model for model 19.0 (gmacs).
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Figure 28c. Mean ratios of retrospective estimates of recruitments to those estimated in the most
recent year (2019) and standard deviations of the ratios as a function of the number of years in the
model for model 19.0 (gmacs).
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Figure 29. Comparison of estimates of legal male abundance (top) and mature males (bottom) of
Bristol Bay red king crab from 1968 to 2019 made with terminal years 2004-2019 with the base
models. Model 18.0e is used for 2019. These are results of historical assessments. Legend shows the
year in which the assessment was conducted. Pot, Tanner crab, fixed gear, and trawl handling
mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 30. Probability distributions of estimated trawl survey catchability (Q) under model 18.0e with
the memc approach. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were assumed to
be 0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 31. Probability distributions of estimated mature male biomass on Feb. 15, 2019 (upper panel)
and probability distributions of the 2019 estimated OFL (lower panel) under model 18.0e with the
mcmc approach. Pot, Tanner crab, fixed gear, and trawl handling mortality rates were assumed to be
0.2, 0.25, 0.5, and 0.8, respectively.
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Figure 32. Projected mature male biomass on Feb. 15 with Fao% and Fsse harvest strategy during
2019-2029. Input parameter estimates are based on model 18.0e. Pot, Tanner crab, fixed gear, and
trawl handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively, and the
confidence limits are for the Fzse harvest strategy.
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Figure 33. Projected retained catch biomass with Faos and Fase, harvest strategy during 2019-2128.
Input parameter estimates are based on model 18.0e. Pot, Tanner crab, fixed gear, and trawl
handling mortality rates were assumed to be 0.2, 0.25, 0.5, and 0.8, respectively, and the
confidence limits are for the Fasy harvest strategy.
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Figure 34. Length frequency distributions of male (top panel) and female (bottom panel) red king
crab in Bristol Bay from NMFS trawl surveys during 2015-2019. For purposes of these graphs,

abundance estimates are based on area-swept methods.
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Appendix A. Description of the Bristol Bay Red King Crab Model
a. Model Description
i. Population model

The original LBA model was described in detail by Zheng et al. (1995a, 1995b) and Zheng and
Kruse (2002). Crab abundances by carapace length and shell condition in any one year are modeled
to result from abundances in the previous year minus catch and handling and natural mortalities,
plus recruitment, and additions to or losses from each length class due to growth:

t+1

I j N s s s
Niea =D AR L(NE +OF Je™ —(Cfy + D e M -T2 e ™M ]m? 3+ RE U, AD)
I'=1

Oy =[(NF +07)e™ —(CF, + Df et ™ — Ty e M (1 —mp,)

where N/, is the number of new shell crab of sex s in length-class | at the start of year t, O/, the
number of old shell crab of sex s in length-class | at the start of year t, B’ ; the proportion during
year t of an animals of sex s in length-class I” which grow into length-class | given that they
moulted, M; the rate of natural mortality on animals of sex s during year t, mﬁt the probability
that an animal of sex s in length-class | will moult during year t, R’ the recruitment [to the model]
of animals of sex s during year t, U; the proportion of recruits of sex s which recruit to length-
class I, C/, the retained catch (in numbers) of animals of sex s in length-class | during year t, D,

the discarded catch of animals of sex s in length-class | during year t in the directed fishery, T
the discarded catch of animals of sex s in length-class | during year t in the Tanner crab fishery
and the groundfish fisheries, Y, the time in years between survey and the directed pot fishery
during year t, and J, the time in years between survey and the Tanner and groundfish fisheries
during year t.

The minimum carapace length for both males and females is set at 65 mm, and crab abundance is
modeled with a length-class interval of 5 mm. The last length class includes all crab >160-mm CL
for males and >140-mm CL for females. Thus, length classes/groups are 20 for males and 16 for

females. Since females moult annually (Powell 1967), females have only the first part of the
equation (Al).

The growth increment is assumed to be gamma distributed with mean which depends linearly on
pre-moult length, i.e.:

L +AL/2 XaE"'leX/ﬂS
R = — dx o B =& +bL (A2)
a2 (B°) L""F(a,:’t)
where L, is the mid-point of length-class I, AL the width of each size-class (5 mm carapace
length), a’,b’ the parameters of the length—growth increment relationship for sex s and year t, and
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[° the parameter determining the variance of the growth increment. Growth is time-invariant for

males, and specified for three time-blocks for females (1968-82; 1983-93; 1994-2019) based on
changes to the size at maturity for females. The probability of moulting as a function of length for
males is given by an inverse logistic function, i.e.:

1

R "

where ,3 L., are the parameters which determine the relationship between length and the
probability of moulting.

Recruitment is defined as recruitment to the model and survey gear rather than recruitment to the
fishery. Recruitment is separated into a time-dependent variable, R’,, and size-dependent

variables, U/, representing the proportion of recruits belonging to each length class. R, IS
assumed to consist of crab at the recruiting age with different lengths and thus represents year class
strength for year t. The proportion of recruits by length-class,U;, is described using a gamma

distribution with parameters @ and . Because of different growth rates, recruitment is estimated

separately for males and females under a constraint of approximately equal sex ratios of
recruitment over time.

ii. Catches and Fisheries Selectivities

Before 1990, no observed bycatch data were available in the directed pot fishery; the crab that
were discarded and died in those years were estimated as the product of handling mortality rate,
legal harvest rates, and mean length-specific selectivities. It is difficult to estimate bycatch from
the Tanner crab fishery before 1991. A reasonable index to estimate bycatch fishing mortalities is
potlifts of the Tanner crab fishery within the distribution area of Bristol Bay red king crab. Thus,
bycatch fishing mortalities from the Tanner crab fishery before 1991 were estimated to be
proportional to the smoothing average of potlifts east of 163° W. The smoothing average is equal
to (Pt2+2Pt.1+3Py)/6 for the potlifts in year t. The smoothing process not only smoothes the annual
number of potlifts, it also indexes the effects of lost pots during the previous years. All bycatches
are death catches because the model fits the estimated observed death bycatches.

The catch (by sex) in numbers by the directed fishery is:
G: = (N7 +07)e "™ 1—-e ) (A4)

where F} is the fishing mortality rate during year t on animals of sex s in length-class | due to the
directed pot fishery:

e [SltOt'malSZ:ft + Sltot,mal(l _ Sth)Q)]Ftdir if s = mal AS
Lt — Sldir,disc,femﬂdisc,fem if 5= fem ( )
where S/°“™% is the total male selectivity in the directed fishery, S7¢t the retained proportions of

males in the directed fishery, F*" the fully-selected fishing mortality during year t (on males),
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sdndises the selectivity pattern for the discards in the directed fishery by sex, F™*" the fully-

selected fishing mortality on female animals during year t related to discards in the directed fishery,
and ¢ the handling mortality (the proportion of animals which die due to being returned to the

water following capture).

There are no landings of females in a male-only fishery, while the landings C of males in the
directed fishery and discards D of males in the directed fishery are:

Clrrtlal — (Nlrrtlal + Ol"éal) eVt Mgnal (1 _ e_sltOt,malSlr:tethiir) (A6)
Dlr‘r;al — Gmal _ Clr’r;al (A?)
The catch (by sex) in numbers by the Tanner crab and groundfish fisheries in length-class | during

year t is given by:

—iM¢

T35 = (NS, +05)e ™ et (1—e ™ty (A8)

where If,ft is the fishing mortality rate during year t on animals of sex s in length-class | due to the

Tanner crab and groundfish fisheries:

F~s _ STanner,s FTanner,s + Strawl Ftrawl + S fix F fix (A9)
It — %I t | t | t

where S, is the selectivity pattern for the discards in the Tanner crab fishery by sex, F™""*

the fully-selected fishing mortality during year t on animals of sex s during year t due to this
fishery, 5™ the selectivity pattern for the bycatch in the groundfish trawl fishery, F"" the fully-

selected fishing mortality due to the groundfish trawl fishery, S,fiX the selectivity pattern for the
bycatch in the groundfish fixed gear fishery, and FtfiX the fully-selected fishing mortality due to
the groundfish fixed gear fishery.

The bycatches by sex are estimated from the Tanner crab fishery, TCft, groundfish trawl fishery,
GT}}, and groundfish fixed gear fishery, GF, as follow:

-iMe R Ry oT T -
itV e 1.t (1_e Lt) S| anner,s l:t anner,S/FIst

TC =(N;,+0)e
GT = (N; +05,)e ™ e (1—e ) sr Frt /e (A10)
GRS = (NJ +05)e ™ e (1—g ) g et F el / B

For models separating mature and immature crab, discarded female bycatch in numbers is
separated into immature and mature bycatches. The female bycatches i