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BSAI Crab SAFE Introduction

2008 Stock Assessment and Fishery Evaluation Report for the King and Tanner Crab
Fisheries in the Bering Sea and Aleutian Islands

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 [SO CFR Section 602.12(e)]. The SAFE report summarizes the
current biological and economic status of fisheries, total allowable catch (TAC), and analytical information
used for management decisions. Additional information on Bering Sea/Aleutian Islands (BSAI) king and
Tanner crab is available on the NMFS web page at http://www.fakr.noaa.gov and the ADF&G Westward
Region Shellfish web page at http://www.cf.adfg.state.ak.us/region4/shellfsh/shelhom4.php.

This FMP applies to 10 crab stocks in the BSAI: 4 red king crab, Paralithodes camtschaticus,(Bristol Bay,
Pribilof Islands, Norton Sound and Adak), 2 blue king crab, Paralithodes platypus (Pribilof District and St
Matthew Island) 2 golden (or brown) king crab Lithodes aequispinus stocks (Aleutian Island and Pribilof
Islands), EBSTanner crab Chionoecetes bairdi, and EBS snow crab C. opilio. All other BSAI crab stocks are
exclusively managed by the State of Alaska.

The report is assembled by the Crab Plan Team (CPT) with contributions from the Alaska Department of Fish
and Game (ADF&G) and the National Marine Fisheries Service (NMFS), and is available to the public and
presented to the North Pacific Fishery Management Council (NPFMC) on an annual basis. Under a process
approved in 2008 for revised overfishing level (OFL) determinations, the Crab Plan Team reviews draft
assessments in May to provide recommendations in a draft SAFE report for review by the Council’s Science
and Statistical Committee (SSC) in June. In September the CPT reviews final assessments and provides final
OFL recommendations and stock status determinations. Additional information on the new OFL
determination process is contained in this report. The Crab Plan Team met from September 16-18, 2008 at
the Alaska Fisheries Science Center in Seattle WA to review the status of stocks and stock assessments in
order to provide the recommendations and status determinations contained in this report. Members of the team
who participated in this review include the following: Forrest Bowers (Chair), Ginny Eckert (Vice-Chair),
André Punt, Jack Turnock, Shareef Siddeek, Bill Bechtol, Josh Greenburg, Herman Savikko, Gretchen
Harrington, Doug Pengilly, Bob Foy, Lou Rugolo, Wayne Donaldson, and Diana Stram. This report builds
upon recommendations contained in the May 2008 report.

Stock Status Definitions

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

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

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

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

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 Bysy 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.

Overfishing is defined as any amount of catch in excess of the overfishing level (OFL). The OFL is
calculated by applying the Fop control rule annually estimated using the tier system in Chapter 6.0 to
abundance estimates.

Status Determination Criteria

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

Status determination criteria for crab stocks are annually 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 criterion are annually
formulated and assessed to determine the status of the crab stocks and whether (1) overfishing is occurring or
the rate or level of fishing mortality for a stock or stock complex is approaching overfishing, and (2) a stock
or stock complex is overfished or a stock or stock complex is approaching an overfished condition.

Overfishing is determined by comparing the overfishing level (OFL), as calculated in the five-tier system for
the crab fishing year, with the catch estimates for that crab fishing year. For the previous crab fishing year,
NMES will determine whether overfishing occurred by comparing the previous year’s OFL with the catch
from the previous crab fishing year. This 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 will be set for and compared to the
retained catch.

NMEFS will determine whether a stock is in an overfished condition by comparing annual biomass estimates to
the established MSST, defined as /2 Bysy. 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 Council to immediately end overfishing and rebuild affected stocks.

Annually, the Council, Scientific and Statistical Committee, and Crab Plan Team will review (1) the stock
assessment documents, (2) the OFLs and total allowable catches or guideline harvest levels for the upcoming
crab fishing year, (3) NMFS’s determination of whether overfishing occurred in the previous crab fishing
year, and (4) NMFS’s determination of whether any stocks are overfished.
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Five-Tier System

The OFL for each stock is annually estimated for the upcoming crab fishing year using the five-tier system,
detailed in Table 6-1 and 6-2. 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 Crab Plan Team process to the Council’s Scientific and Statistical
Committee. The Council’s Scientific and Statistical Committee will recommend tier assignments, stock
assessment and model structure, and parameter choices, including whether information is "reliable," for the
assessment authors to use for calculating the OFLs based on the five-tier system.

For Tiers 1 through 4, once a stock is assigned to a tier, the stock status level is determined based on recent
survey data and assessment models, as available. The stock status level determines the equation used in
calculating the Fop . Three levels of stock status are specified and denoted by “a,” “b,” and “c” (see Table 6-
1). The Fysy control rule reduces the Fop; as biomass declines by stock status level. At stock status level “a,”
current stock biomass exceeds the Bysy. For stocks in status level “b,” current biomass is less than Bygy but
greater than a level specified as the “critical biomass threshold” (B).

Lastly, in stock status level “c,” current biomass is below § * (Bysy or a proxy for Bysy). At stock status
level “c,” directed fishing is prohibited and an Fop at or below Fysy 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 [ set at a default value of 0.25, with
the understanding that the Scientific and Statistical Committee may recommend different values for a specific
stock or stock complex as merited by the best available scientific information.

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

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

OFLs will be calculated by applying the Fopr. and using the most recent abundance estimates. The Crab Plan
Team will review stock assessment documents, the most recent abundance estimates, and the proposed OFLs.
The Alaska Fisheries Science Center will set the OFLs consistent with this FMP and forward OFLs for each
stock to the State of Alaska prior to its setting the total allowable catch or guideline harvest level for that
stock’s upcoming crab fishing season.

Tiers 1 through 3

For Tiers 1 through 3, reliable estimates of B, Bysy, and Fysy, 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 Bysy and Fysy.

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

o Tier 2 is for stocks with assessment models in which a reliable point estimate, but not the pdf, of Fysy
is made.
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e Tier 3 is for stocks where reliable estimates of the spawner/recruit relationship are not available, but
proxies for Fysy and Bysy 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) per recruit equal to X% of the equilibrium level
in the absence of any fishing.

The OFL calculation accounts for all losses to the stock not attributable to natural mortality. The OFL is the
total catch limit 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 lacking.
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 Bysy 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, y, is multiplied by M to
estimate the Fopp 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 is not available for a Tier 4 stock, then the OFL is
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 from this approach,
therefore, would be the total catch OFL.

Tier 5

Tier 5 stocks have no reliable estimates of biomass or M and only historical data of retained catch is available.
For Tier 5 stocks, the historical performance of the fishery is used to set OFLs in terms of retained catch.
The OFL represents the average retained catch from a time period determined to be representative of the
production potential of the stock. The time period selected for computing the average catch, hence the OFL,
would be based on the best scientific information available and provide the appropriate risk aversion for stock
conservation and utilization goals. In Tier 5, the OFL is specified in terms of an average catch value over a
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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.

For most Tier 5 stocks, only retained catch information is available so the OFL will be estimated for the
retained catch portion only, with the corresponding overfishing comparison on the retained catch only. In the
future, as information improves, the OFL calculation could include discard losses, at which point the OFL
would be applied to the retained catch plus the discard losses from directed and non-directed fisheries.

Figure 1. Overfishing control rule for Tiers 1 through 4. Directed fishing mortality is 0 below f.
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Introduction

Table 1. Five-Tier System for setting overfishing limits for crab stocks. The tiers are listed in descending order
of information availability. Table 6-2 contains a guide for understanding the five-tier system.

Information Tier Stock status For
available level
B, Busy, Fusy, and pdf 1 B _ _
of Fuysy ?Sy >1 ForL = 1, =arithmetic mean of the pdf
B -a
p<—<I1 E /Bmsy
msy oL
B _ B Directed fishery F = 0
Brnsy For < Fusy'
B, Busy, F 2
MsYs Fmsy B o1 Fore = Fog
Bmsy
B _
peB oo %6,
sy For =Fongy ——
B__ B Directed fishery F = 0
Bmsy F oFL S FMSYT
B, Fasy , Basys 3 B
>1 F.., =F., *
B35%* OFL 35%
B B _
ﬂ< <1 " B* . @
B35% FOFL :F 35% 135_A)a
B <p Directed fishery F = 0
B, * Fort < Fusy'
35% OFL = F'msy
B M, By 4 B >1 For. =7M
Bmsyp“’x OFL
B B _
ﬂ < S 1 _ /Bmsyprox @
By Fom =M
B <p Directed fishery F = 0
BmsyProx F OFL S 1:MSYJr
Stocks with no reliable 5 OFL = average catch from a time period to

estimates of biomass
or M.

be determined, unless the SSC
recommends an alternative value
based on the best available
scientific information.

*35% is the default value unless the SSC recommends a different value based on the best available

scientific information.

1 An Forp < Fysy will be determined in the development of the rebuilding plan for that stock.
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Table 2. A guide for understanding the five-tier system.

e FopL — the instantaneous fishing mortality (F) from the directed fishery that is used in the
calculation of the overfishing limit (OFL). Fopp is determined as a function of:
0 Fysy — the instantaneous F that will produce MSY at the MSY -producing biomass
= A proxy of Fysy may be used; e.g., Fxy, 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 Busy — the value of B at the MSY -producing level
* A proxy of Bysy may be used; e.g., mature male biomass at the MSY-
producing level
O P — a parameter with restriction that 0 < < 1.
O o — a parameter with restriction that 0 < o < f.
The maximum value of FOFL is FMSY- FOFL = FMSY when B > BMSY-
e For decreases linearly from Fyisy to Fysy (B-a)/(1-a) as B decreases from Bysy to B:Busy
e  When B < B-Bysy, F = 0 for the directed fishery and Fory < Fygy for the non-directed
fisheries, which will be determined in the development of the rebuilding plan.
e The parameter, B, determines the threshold level of B at or below which directed fishing is
prohibited.
o The parameter, o, determines the value of For, when B decreases to B-Bysy and the rate at
which Fopp, decreases with decreasing values of B when -Bysy < B < Bysy.
0 Larger values of a result in a smaller value of For, when B decreases to B-Buysy.
0 Larger values of a result in Fop decreasing at a higher rate with decreasing values
of B when B'BMSY < B < Busy.

Crab Plan Team Recommendations

This was the first year of implementation of the new process for annual stock assessment and OFL
determination for all ten BSAI crab stocks. The Crab Plan Team commends all of the stock assessment
authors on the assessments produced (Chapters 1-10) under a limited time frame and with great attention to
providing comprehensive details on a stock by stock basis.

The team’s final recommendations on Tier levels, model parameterizations, time periods for reference
biomass estimation or appropriate catch averages, OFLs and whether an OFL is applied to retained catch only
or to all catch are all listed in Table 3. The team recommends two stocks be placed in Tier 3 (EBS snow crab
and Bristol Bay red king crab), five stocks in Tier 4 (EBS Tanner crab, St. Matthew blue king crab, Pribilof
District blue king crab, Pribilof Island red king crab and Norton Sound red king crab) and three stocks in Tier
5 (Al golden king crab, Pribilof Islands golden king crab and Adak red king crab).

The team understands that under this new process, the CPT has the ability to provide recommendations for
consideration in the following assessment cycle on an annual basis. The team has general recommendations
for all assessments and specific comments related to individual assessments. All recommendations are for
consideration for the 2009 assessment cycle unless indicated otherwise. The general comments are listed
below while the comments related to individual assessments are contained within the summary of plan team
deliberations and recommendations contained in the stock specific summary section. Additional details
regarding recommendations are contained in the Crab Plan Team Report (September 2008 CPT Report).
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General recommendations for all assessments

o The assessments should provide complete documentation on model formulation, assumptions, data
sources and all calculations used in the stock assessment for computing the OFL.

e For stocks where biomass estimates for OFL setting are based on survey estimates, consideration
should be given to averaging recent abundance to obtain a more reliable estimate of current stock
size.

o Future stock assessments should provide a full analysis on the choice of gamma and a full evaluation
of alternatives relative to the default value, y=1, and the appropriateness of this default value.

e All three rebuilding plans (EBS snow crab, Saint Matthew blue king crab and Pribilof District blue
king crab) need to be revised given new estimates of stock status parameters.

e Research on handling mortality rates needs to be performed to better specify handling mortality rates
used in the analysis.

e The assessments must include consistent key management-related stock status information

o The assessments should include model-predictions from April models on fits to the data for
September assessments to allow the impact of adding new data to be determined.

e The Plan Team encourages the authors to work closely with NMFS survey staff to ensure consistency
between ADF&G and NMFS survey estimates.

o Estimates of precision with the survey values should be included in all assessments.

e For consistency with Amendment 24, the term “total catch OFL” should consistently be applied only
to the total catch of males and females in all fisheries.

e Responses to all comments by the SSC on the May draft of the stock assessment should be clearly
addressed and responded to in the September draft.

Stock Status Summaries

1 Eastern Bering Sea Snow Crab (C. opilio)
Fishery information relative to OFL setting.

The snow crab fishery has been opened, and harvest reported, every year since the 1960s. Prior to 2000, the
GHL was 58% of abundance of male crab over 101 mm CW, estimated from the survey. The target harvest
rate was reduced to 20% following the declaration of the stock as overfished in 1999, and the GHL/TAC since
2000 has been based on a harvest strategy that aims to allow recovery to the proxy for Bysy established in
1998 (921.6 million lbs of total mature biomass).

Data and assessment methodology

The assessment is based on a size-structured population dynamics model in which crabs are categorized into
mature, immature, new shell and old shell crabs by sex. The model is fitted to data on historical catches
(landed and discard), survey estimates of biomass, and fishery, discard and survey size-composition data. It
covers the 1978-2008 seasons and estimates abundance from 25-29mm to 130-135mm using Smm size bins.
The results of the annual Bering Sea bottom trawl survey are analyzed in three periods: before 1982, 1982-88,
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and 1989 onwards, with different selectivity and catchability parameters for each period. The model is based
on the assumption of a terminal molt at maturity. Unlike previous assessments, the 2008 assessment pre-
specified rather than estimated the parameters determining growth. Two variants of the assessment were
presented to the CPT in May 2008, which selected the base model (in which maturity is not estimated within
the assessment, but is rather pre-specified based on auxiliary analysis).

The assessment was modified for 2008 in response to an external industry review and a review by the CIE.
Specifically, the model is no longer fitted to length data by shell condition, but rather to data combined over
shell condition, and it now assumes that females and males grow at the same rate at 25mm. The treatment of
the size distribution of recruits has been revised to improve the residual patterns for the length-frequency data.
The assessment may be refined again in the next year based on further consideration of the comments from
the CIE review and the CPT.

Compared with the assessment presented to the CPT in May 2008, the final assessment uses catch and fishery
length-frequency data for the 2007/08 season as well as survey abundance and length-frequency data for
2008.

Stock biomass and recruitment trends

Mature male biomass (at the time of mating) peaked between the late-1980s and mid-1990s, declined to a
minimum in 2002 and has increased thereafter. The increase in mature male biomass has been greater than in
mature female biomass. Recruitment has varied considerably over the period 1979-2008, with the recruitment
(at 25mm) in 1986 the highest on record. Recruitment between 2003 and 2006 is estimated to be near or
above average, while the estimated recruitments for 2007 and 2008 are below average.

Tier determination/Plan Team discussion and resulting OFL determination

The CPT recommends that snow crab be a Tier 3 stock so the OFL is based on the Fss, control rule. The team
recommends that the proxy for Bysy (Bsse,) be the mature male biomass at mating, computed as the average
recruitment from 1979 to the last year of the assessment multiplied by the mature male biomass-per-recruit
corresponding to Fsse, less the mature male catch under an F;s0, harvest strategy. The estimate of Bygy is
317.7 million lbs. The MSST is defined as half of the proxy for Bysy (158.9 million Ibs).

Status and catch specifications (millions Ibs.) of snow crab

Biomass Retained Total Catch
Year (MMB) OFL TAC Catch
2005/06 188 37.2 37.0 46.9
2006/07 218 36.6 36.4 494
2007/08 218 63.0 63.0 78.6
2008/09 251.1 77.3 TBD TBD TBD

The 2008/09 MMB exceeds the proxy for MSST so the stock is not currently overfished. This stock is in Tier
3b stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.

The CPT notes that compared to the distribution from surveys, the catch is highly concentrated spatially. This
could lead to exploitation rates in the south that exceed the desired rate. In principle, an OFL could be
computed for the area in which the fishery operates, for example by applying OFL control rule to the
estimated fraction of the population in that area. However, it is not clear how concentrated the stock is at the
time of the fishery compared to when the survey takes place.
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Additional Plan Team recommendations

The next assessment should: (a) include retrospective analyses, (b) update the reference list, (¢) include a full
description of the model, including its forecast component and the weights assigned to the penalties and
likelihood components, (d) expand the description of the way in which discards are treated in the model, (d)
include past GHLs in the table of catches, and (e) further justify the values chosen for the weighting factors
(the lambdas) and explore sensitivity to alternative values. The next assessment should also consider: (i)
imposing a penalty to prevent the probability of maturity declining with increasing size if maturity is
estimated within the model, (ii) set the effective sample sizes for the length-frequency data based on the
effective sample sizes estimated from the fit of the model, (iii) explore whether it is possible to improve the
residual patterns for the length-frequency data by modifying how maturity, growth and natural mortality are
modeled and the implications of the change in distribution of the population over time, (iv) reduce the number
of size classes for females, and (v) include measures of uncertainty for estimated quantities such as
recruitment, and mature male biomass. Responses to all comments by the SSC on the May draft of the stock
assessment should be clearly addressed and responded to in the September draft.

The CPT supports development of a spatially-structured stock assessment model so that the implications of
differences in where the catch is taken and where the survey finds snow crab can be evaluated.

Ecosystem Considerations summary
No additional ecosystem considerations were included in the assessment at this time.

2 Bristol Bay red king crab (BBRKC)
Fishery information relative to OFL setting.

The commercial harvest of BBRKC dates to the 1930s, initially prosecuted mostly by foreign fleets but
shifting to a largely domestic fishery in the early 1970s. Retained catch peaked in 1980 at 129.9 million Ibs,
but harvests dropped sharply in the early 1980s, and population abundance has remained at relatively low
levels over the last two decades compared to the 1970s. The fishery is managed for a TAC coupled with
restrictions for size (> 6.5-in CW), sex (male only), and season (no fishing during mating/molting periods).
Prior to 1990, the harvest rate was based on population size, and prerecruit and postrecruit abundances, and
varied from 20% to 60% of legal males. In 1990, the harvest strategy became 20% of mature male (>120-mm
CL) abundance, with a maximum of 60% on legal males, and a threshold abundance of 8.4 million mature
females. The current stepped harvest strategy allows a maximum of 15% of mature males but also
incorporates a cap of 50% of legal males, a threshold of 14.5 million lbs of effective spawning biomass
(ESB), and a minimum GHL of 4.0 million Ibs to prosecute a fishery. A TAC of 18.3 million lbs was
established for the 2005 season, reduced to 15.5 million Ibs for the 2006 season, and increased to 20.4 million
Ib for the 2007 season. Average retained catch for the period 2005 to 2007 was 18.0 million lbs. Catch
abundance of legal males per pot lift was relatively high in the 1970s, low in the 1980s to mid-1990°s, and has
gradually increased since 2000 to an average of 29.7 crab/pot lift over the last three years; CPUE increased
markedly with the implementation of crab rationalization in 2005. Annual non-retained catch of female and
sublegal male RKC during the fishery averaged 1.7 million lbs since data collection began in 1990. Estimates
of fishing mortality have ranged from 0.28 to 0.38 following implementation of crab rationalization. Total
catch (retained and bycatch mortality) was 22.7 million Ibs in 2005, declined to 17.2 million lbs in 2006 and
increased to 23.3 million 1bs in 2007.

Data and assessment methodology

The stock assessment model involves a length-based model incorporating data from the eastern Bering Sea
trawl survey, commercial catch, and at-sea observer data. Stock abundance is estimated for male and female
crabs > 65-mm CL during 1985 to 2008. Catch data (retained catch numbers, retained catch weight, and pot

BSAI Crab SAFE X September 2008



BSAI Crab SAFE Introduction

lifts by statistical area and landing date from the fishery which targets males >6.5-in CW) were obtained from
ADF&G fish tickets and reports, fishery bycatch data from the ADF&G observer database, and groundfish
trawl bycatch data from the NMFS trawl observer database.

Stock biomass and recruitment trends

Estimates of stock biomass have generally increased since 1985, but remain well below historic levels of the
1970s. Recent above-average year classes have largely recruited into the fished population with no evidence
of new strong recruitment. Mature male biomass increased from 72.3 million Ibs in 2005 to 95.6 million Ibs
in 2008.

Tier determination/Plan Team discussion and resulting OFL determination

The authors are commended for updating the assessment per May CPT and June SSC recommendations.
However, the team made several recommendations for improvements to the assessment. For example, to the
extent possible, the model should incorporate data prior to 1985. It was also suggested that future
assessments include some analysis of model sensitivity to different weightings (lambdas). The magnitude of
lambdas has a direct effect on projected biomass and catch likelihood profiles because increasing lambdas
artificially decreases the width of the profiles. It was also recommended that the author consider parameter
estimation in a Bayesian context. The authors noted that patterns seem to exist in the trawl survey residuals
for female crab; the female maturity curve is currently knife-edged. It is requested that the authors examine
scenarios which attempt to address the female trawl survey residual patterns. In addition, it is requested that
when key parameters are fixed in the model, more justification, such as a sensitivity analysis, should be
included for estimating parameters external to the model. The CPT specifically recommended investigating
the sensitivity of the survey q which is fixed in the model. The team recommends that these additional
analyses be incorporated into the assessment for the Spring 2009 review.

The Plan Team concurs with the author in recommending Bristol Bay red king crab as a Tier 3 stock. The
team recommends that the proxy for Bysy (Bssy,) be the mature male biomass at mating, computed as the
average recruitment from 1995 to the last year of the assessment multiplied by the mature male biomass-per-
recruit corresponding to Fsse, less the mature male catch under an Fss, harvest strategy. Estimated Bjso, is
75.11 million Ib in 2008. Total catch OFL includes discard and retained male catch and male trawl bycatch,
but not female pot or trawl bycatch.

Status and catch specifications (million Ibs.) of BBRKC in recent years.

Biomass Retained Total catch
Year (MMB) OFL TAC Catch
2005/06 79.92 18.3 18.3 22.72
2006/07 82.03 15.5 15.4 17.22
2007/08 85.94 20.4 20.4 23.22
2008/09 95.6 24.2 TBD TBD TBD

The 2008/09 MMB exceeds the proxy for MSST so the stock is not currently overfished. This stock is in Tier
3a stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.

Additional Plan Team recommendations

The Plan Team encourages the authors to work closely with NMFS survey staff to ensure consistency
between ADF&G and NMFS survey estimates. A follow-up to this process would also be the inclusion of
estimates of precision with the survey values. Survey abundances should be tabulated in the assessment.
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Ecosystem Considerations summary

A variety of ecological factors likely affect BBRKC recruitment and growth, although the mechanisms are
unclear. For example, previous research suggested BBRKC recruitment trends may partly relate to decadal
shifts in physical oceanography. Recruitment may also relate to spatial and temporal patterns in groundfish
distributions. Finally, spatial distributions of RKC females have likely shifted in response to changes in near
bottom temperatures.

3 Eastern Bering Sea Tanner Crab (C. bairdi)
Fishery information relative to OFL setting.

Two fisheries, one east and one west of 166° W. longitude, harvest eastern Bering Sea (EBS) Tanner crab.
Under the Crab Rationalization Program, ADF&G sets separate TACs and NMFS issues separate IFQ for
these two fisheries. However, NMFS will set one OFL for the eastern Bering Sea Tanner crab because
evidence indicates that the EBS Tanner crab is one stock. Both fisheries were closed from 1997 to 2005 due
to low abundance. NMFS declared this stock overfished in 1999 and the Council developed a rebuilding
plan. In 2005, abundance increased to a level to support a fishery in the area west of 166° W. longitude.
ADF&G opened both fisheries for the 2006/07 and 2007/08 crab fishing years. In 2007, NMFS determined
the stock was rebuilt.

Tanner crab are caught as bycatch in the groundfish fisheries, in the directed Tanner crab fishery itself
(principally as non-retained females and sublegal males), and in crab fisheries directed on other species
(notably, eastern Bering Sea snow crab and the Bristol Bay red king crab).

Data and assessment methodology

This stock is surveyed annually by the NMFS EBS trawl survey. Although a stock assessment model has
been developed for the eastern portion of the stock, that model is not employed to assess the stock as it does
not cover the entire EBS. Area swept estimates of biomass from the EBS trawl survey are used to estimate
biomass of stock components; mature male biomass (MMB), legal male biomass (LMB), and females. Fish
ticket data are used for computing retained catch and observer data from the crab and groundfish data are used
to estimate the non-retained catch; assumed handling mortality rates for fishery components are used to
estimate the discard mortality.

Stock biomass and recruitment trends

Mature male biomass (MMB) and legal male biomass (LMB) showed peaks in the mid-1970s and early
1990s. MMB at the survey revealed an all-time high of 623.9 million pounds in 1975, and a second peak of
255.7 million pounds in 1991. From late-1990s through 2007, MMB has risen at a moderate rate from a low
of 25.1 million pounds in 1997 to its current level of 143.1 million pounds in 2008.

In the 2008 survey, estimated abundance of legal males increased over the 2007 abundance estimate by 9%;
however, the 2008 survey showed a marked decline in estimated abundance across all other size classes of
males and females.

Tier determination/Plan Team discussion and resulting OFL determination

The team recommends this stock as a Tier 4 stock because no stock assessment model has been developed for
the entire EBS stock.

Bumsy proxy is estimated at 189.76 million pounds MMB at the time of mating, based on the SSC’s
recommendation that Bysy proxy be calculated as the average mature male biomass (MMB) for the years
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1969-1980, discounted by fishery removals (retained and non-retained mortalities) and natural mortality
between the time of survey and the time of mating. This sequence of years extends those included in the May
CPT recommendation (1975-1980). However the team notes that adding data from surveys prior to 1975 adds
to existing data quality and availability issues including that the surveyed area expanded through the 1970s to
1980, when the area surveyed is roughly what it remains to date; and data retrieval is an issue (data from 1969
through the 1970s generally must be gleaned from various published summaries and is generally not
retrievable from databases). The SSC in June 2008 also asked that results be examined for 1969-2007 data.
The authors noted that the post-1980 data may not be appropriate: post 1980-data had a history of stock
collapse, closures, and imposition of a rebuilding plan.

The recommended OFL is based on y=1.0. An alternative analysis, based on F3s,,/M, was presented to the
CPT in response to an SSC recommendation. F3s,,/M was re-estimated by the assessment authors rather than
being set to 2.1 because the fishery selectivity appears to have changed since the EA was conducted.
However, this analysis remains preliminary and the CPT look forward to seeing an updated analysis based on
a stock assessment model in May 2009.

Status and catch specifications (millions Ibs) for eastern Bering Sea Tanner crab

Biomass TAC .

Retained Total

Year (MMB) OFL (east + Catch Catch
west)

2005/06 86.24 1.6 0.95 4.19
2006/07 126.58 2.97 2.12 11.95
2007/08 150.74 5.62 2.11 8.80
2008/09 108.28 15.52 TBD TBD TBD

The 2008/09 MMB exceeds the proxy for MSST so the stock is not currently overfished. The stock is in Tier
4b stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.

Additional Plan Team recommendations

e For consistency with Amendment 24, the term “total catch OFL” should consistently be applied only
to the total catch of males and females in all fisheries.

e Based on the assessment, much of the data and information needed to develop a stock assessment
model for the entire EBS stock may exist. It is recommended that development of such a model
should proceed; the stock assessment model developed for the eastern portion of the EBS Tanner crab
stock should be reviewed for adaptation for a model to apply to the full EBS.

e Future spring stock assessments should provide a full analysis on the choice of gamma and a full
evaluation of alternatives relative to the default value, y=1, and the appropriateness of the default
value.

e The assessment should provide complete documentation on data sources and the calculations and
assumptions used in the stock assessment for computing OFL. The total catch OFL should be clearly
specified and provided in a table focused on deriving that OFL. Information on sub-dividing the
OFL among catch components should be presented clearly.

e Research on handling mortality rates needs to be performed to better specify handling mortality rates
used in the analysis.
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o The team will revise the terms of reference for assessments to include key management related stock
status information consistently.

e Responses to all comments by the SSC on the May draft of the stock assessment should be clearly
addressed and responded to in the September draft.

e The next assessment should include a full and reasonably detailed discussion on the pre-1980 data
quality issues for both the survey and fishery data.

Ecosystem Considerations summary

Although studies are limited, the EBS Tanner crab fisheries do not appear to negatively impact any ecosystem
components. Climate change may negatively impact Tanner crab abundance through increasing predator
abundance, decreasing benthic production, and the potential for decalcification in a more acidic ocean.

4 Pribilof Islands red king crab
Fishery information relative to OFL setting.

There is no harvest strategy for this fishery in State regulation. The fishery began as bycatch in 1973 during
the blue king crab fishery. A red king crab fishery opened with specified GHL for the first time in September
1993. The 1993 fishery yielded 2.6 million Ibs under a 3.4 million Ib GHL, with highest catches occurred east
of St. Paul Island, but harvests also south, southwest, west and northeast of St. Paul Island. The 1994 fishery
was also prosecuted with a specified red king crab GHL. Since 1995, a combined GHL for red and blue king
crabs was set and ranged from 1.3 to 2.5 million Ibs. The fishery has remained closed since 1999 because of
uncertainty with estimated red king crab survey abundance and concerns for incidental catch of blue king crab
that are in a depressed state. The non-retained catches from pot and groundfish bycatch estimates of red king
crab ranged from 0.01 to 0.19 million lbs during 1992-2008.

Data and assessment methodology

Although a catch survey analysis has been used for assessing the stock in the past, which incorporated data
from the eastern Bering Sea trawl survey, commercial catch, pot survey, and at-sea observer data; for this
assessment trends in MMB at mating are based on NMFS annual trawl survey estimates for the period 1980-
2008 and incorporated commercial catch and observer data. For 2008 reference points’ estimation, an Fop
was determined using a mean mature male biomass (MMB) at the time of mating, 2008 MMB (projected to
mating time), a default A value of 1, and an M value of 0.18. This For. was used on the legal male biomass at
the time of the fishery to determine the catch OFL. Total legal crab removal (retained and bycatch losses)
with legal biomass and MMB were used to estimate the exploitation rate at the time of the fishery.

Stock biomass and recruitment trends

The stock exhibited widely varying mature male and female abundances during 1980-2008. The 2007 survey
time estimate of MMB was 16.58 million pounds and dropped to 12.49 million pounds in 2008. The
recruitment trend appeared to be highly variable. However, survey estimates are highly influenced by the
results of a limited number of tows with non-zero catches. Red king crabs have been historically harvested
with blue king crabs and are currently the dominant of the two species in this area.

Tier determination/Plan Team discussion and resulting OFL determination
Two sets of data series, 1991-2007 and 1980-2007, were considered to determine mean MMB at mating as
proxy Bysy. The first series produced a mean estimate of 8.66 million pounds and is recommended by the

CPT and SSC. The second series produced a mean estimate of 5.91 million pounds which was requested by
the SSC for comparison purposes. The 2008 MMB at mating exceeded both proxy Bysy values.
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Status and catch specifications (million Ibs.) of Pribilof Islands red king crab

Year (Bhfhrjl]gii OFL TAC Egizz;] ned Total catch
2005/06 2.59 closed 0 0.064
2006/07 13.87 closed 0 0.024
2007/08 14.70 closed 0 0.008
2008/09 9.26 3.32 TBD TBD TBD

*Note this biomass is at the time of mating. The value for 2008/09 is projected.

The 2008/09 MMB exceeds the proxy for MSST so the stock is not currently overfished. This stock is in Tier
4a stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.

Additional Plan Team recommendations

There are concerns about the unreliability of biomass estimates and blue king crab bycatch mortality would
occur in a directed red king crab fishery.

Ecosystem Considerations summary

There have been no direct studies of the prey of Pribilof Islands red king crab. Studies in other areas indicate
that red king crab diet varies with life stage and that red king crabs are opportunistic omnivorous feeders,
eating a wide variety of microscopic and macroscopic plants and animals. Pacific cod is the major predator of
red king crab in the eastern Bering Sea. Recruitment trends for red king crab in the eastern Bering Sea may be
partly related to decadal shifts in climate and physical oceanography. Strong year classes were observed when
temperatures were low and weak year classes were occurred when temperatures were high, but temperature
alone cannot explain year class strength trend. The lack of king crab recruitment in the Pribilof Islands area
may be the result of a large-scale environmental event affecting abundance and distribution. The seasonal ice
cover has an effect on primary productivity and hence crab recruitment, but the changes in the ice cover on
benthic communities of the Pribilof Islands are not well known. The trawl fishery ban around the Pribilof
Islands protects the critical habitat of the red king crab in this area. The extent that pot gear impacts benthic
habitat is not well known and most likely depends on the substrate.

5 Pribilof District blue king crab

Fishery information relative to OFL setting.

The Pribilof blue king crab fishery began in 1973, with peak landing of 11.0 million Ibs in the 1980/81
season. A steep decline in landings occurred after the 1980/81 season. Directed fishery harvest from 1983
until 1987 was annually less than 1.0 million Ibs with low CPUE. The fishery was closed in 1988 until 1995.
The fishery reopened from 1995 to 1998. Fishery harvests during this period ranged from 1.3 to 0.5 million

Ibs. The fishery closed again in 1999 due to declining stock abundance and has remained closed through the
2007/08 season.

Estimated total mature biomass, based on the ADF&G catch-survey model decreased from 7.0 million 1bs in
2001 to 4.5 million Ibs in 2002, a level below MSST and resulting in the stock being designated as overfished
in 2002.

Data and assessment methodology

The NMFS conducts an annual trawl survey that produces area-swept abundance estimates, and ADF&G is
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developing a catch-survey analysis model. In addition ADF&G is conducting a triennial pot survey of Pribilof
king crab in September 2008. Those results will be available later this winter. However, because the model
was not reviewed, the OFL determination is based on area-swept abundance estimates at the time of mating.

The CPT discussed the history of the fishery and the rapid decline in landings. It is clear that the stock has
collapsed, although there is imprecision in the annual area-swept abundance estimates. The CPT discussed
averaging recent biomass estimated to account for annual fluctuations to reduce noise in the data. For stocks
where biomass estimates for OFL setting are based on survey estimates consideration should be given to
averaging recent abundance estimate to obtain a more reliable estimate of current stock size.

Stock biomass and recruitment trends

Based on 2008 NMFS bottom-trawl survey, the estimated total mature-male biomass of 0.29 million pounds
is higher than the 2007 estimate of 0.17 million pounds. However, the 2008 estimate is only 0.03 of Bysy. The
Pribilof blue king crab stock continues to show no indications of recovery. From recent surveys there is no
indication of recruitment, and no sustainable yield

Tier determination/Plan Team discussion and resulting OFL determination

This stock is placed into Tier 4, stock status level c. The time period for Bysy is 1980-84 plus 1990-97,
excluding the 1985-1989 period. This was chosen as it eliminates periods of extremely low abundance, Bysy
is estimated as 9.28 million pounds. MSST is one half of the Bysy. The retained catch OFL is 0 because the
2008 estimate of MMB is less than 25% By;sy, Due to the Tier level and stock status an Fop must be
determined for the non-directed catch. Ideally this should be based on the rebuilding strategy, however the
rebuilding plan needs to be revised to be consistent with amendment 24. However in the absence of a revised
rebuilding strategy, the CPT recommends an OFL equal to the average catch since the directed fishery was
closed (1999) through to 2006/07. Since this time period bycatch in the Pacific cod pot fishery has increased
dramatically and is not representative of a sustainable yield. The total catch OFL (after discounting for
mortality) for 2008/09 is 0.004 million pounds.

The CPT recommended gamma = 1, given the absence of information presented to establish an alternate value
at this time. Natural mortality was M=0.18
Status and catch specifications (million Ibs.) of Pribilof blue king crab in recent years.

Biomass Retained Total
Year MMB* OFL TAC Catch Catch
2005/06 0.68 closed 0 0.002
2006/07 0.33 closed 0 0.004
2007/08 0.66 closed 0 0.060
2008/09 0.25 0.004 closed 0 TBD

*Note this biomass is at the time of mating. The value for 2008/09 is projected.

The 2008/09 MMB is below the proxy for MSST so the stock is currently overfished. This stock is in Tier 4¢
stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for 2008/09
become available.

Additional Plan Team recommendations

The rebuilding plan needs to be revised given new estimates of stock status parameters Management
options for revising the rebuilding plan are contained in the Crab Plan Team minutes (September 2008)
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6 St. Matthew blue king crab (St. Matthew BKC)
Fishery information relative to OFL setting

The fishery was prosecuted as a directed fishery from 1977 to 1998. The stock was declared overfished and
closed in 1999, and has been under a rebuilding plan since 2000.

Data and assessment methodology

A four-stage catch survey analysis incorporates annual trawl survey data from 1978 to 2008, triennial pot
survey data from 1995 to 2007, and commercial catch data from 1978 to 2007, and uses a maximum
likelihood approach to estimate male crab biomass and abundance. The model links crab abundance in four
crab stages based on a growth matrix, estimated mortalities, and molting probabilities. The four stages
include prerecruit-2s (90-104 mm CL), prerecruit-1s (105-119 mm CL), recruits (newshell 120-133 mm CL),
and postrecruits (oldshell > 120 mm CL and newshell > 134 mm CL). The model was developed for five
scenarios in which either one or both parameters of natural mortality (M) or survey catchability (q) were fixed
(M =0.18 and Q=1). The first three scenarios include estimated M for one year (1999), while the other two
assume that M was constant over time. The scenario with q and M fixed (with estimating M in 1999) was
selected by the CPT because of the uncertainty in parameter estimation.

Stock biomass and recruitment trends

Mature male biomass has fluctuated greatly in three waves. The first pulse increased from 7.6 to over 17.6
million Ibs from 1978 to 1981, followed by a steady decrease to 2.9 million Ibs. in 1985. The second pulse
had a steady increase from the low in 1985 to 13.3 million Ibs. in 1997 followed by a rapid decrease to 2.8
million Ibs. in 1999. The third pulse had a steady increase from the low in 1999 to it present high of over 10.7
million Ibs. in 2008.

Tier determination/Plan Team discussion and resulting OFL determination

St. Matthew BKC is recommended as a Tier 4 stock in 2008. The Bysy™ ™ varies as a function of years used
to calculate average mature male biomass. The time period selected by CPT for estimating Bysy” ™ was 1989
to 2008 because before 1986, the fishery was harvested at extremely high rates and this time period
incorporates stock rebuilding several years after the stock crash. Bysy™ " during this time period is 7.39
million lbs. Gamma was recommended to be 1. OFL was set for this year using the Tier 4 control rule. A
retained catch OFL was used because bycatch data was not included in this year’s assessment.

Status and catch specifications (millions Ibs.) of St. Matthew blue king crab

Biomass* Retained  Total
Year mme) O TAC Catch Catch
2005 5.291 closed closed TBD
2006 7.069 closed closed TBD
2007 9.682 closed closed TBD
2008 10.74 1.63 TBD TBD TBD
[retained]

*Note this biomass is at the time of mating. The value for 2008/09 is projected.
The 2008/09 MMB is above the proxy for MSST so the stock is not currently overfished. This stock is in Tier

4a stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.
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Additional Plan Team recommendations

The model should continue to be refined for review at the May 2009 CPT meeting to allow this stock to be
considered for Tier 3 Further analyses are needed to explore scenarios of constant M over the whole time
period, including runs tests and justifications of lambda with log-likelihood analyses. Bycatch data in all
fisheries must be compiled to generate a total catch OFL for the May 2009 assessment. The CVs of the
survey data should be used in the assessment next year. The assessment needs to include figures showing
data and fits to these data for both pot and trawl surveys including confidence intervals on data and model
results. The assessment should also examine the sensitivity of the weighting choices employed in the model
to examine relative influence on results [e.g. conducting the assessment using each of the two indices of
abundance in turn (pot and trawl survey)].

Ecosystem Considerations summary
Information on habitat, prey availability and predator trends are needed with greater spatial and temporal
resolution in order to better understand how they may vary with St. Matthew BKC abundance.

7 Norton Sound Red King Crab

Fishery information relative to OFL-setting

Norton Sound red king crab harvest occurs in three fisheries: summer commercial, winter commercial, and
winter subsistence fishery. The summer commercial fishery is the major fishery. Commercial fishing started
in 1977 and, since 1994, commercial vessels were restricted harvesting Norton Sound red king crab only. In
1998, Community Development Quota groups were allocated a portion of the summer fishery quota. The
winter commercial fishery is relatively small averaging 2,400 crabs annually during 1997-2007. The
subsistence fishery, which averaged 5,300 crabs during 1978-2007, occurs mainly during the winter via hand
lines and pots deployed through the near shore ice.

The management strategy for Norton Sound red king crab involves a stepped harvest rate (HR). The
guideline harvest level for the summer fishery is established at three levels based on estimated legal biomass
(ELB): (1) HR = 0% for ELB < 1.5 million Ibs; (2) HR < 5% for ELB from 1.5 to 2.5 million Ibs; and (3) HR
<10% for ELB > 2.5 million pounds.

Data and assessment methodology

Fishery-dependent data are available for the three fisheries. Fishery-independent data are available through
four surveys: summer trawl, summer pot, winter pot, and a preseason pot survey. Surveys are conducted
periodically with no survey being conducted on an annual basis. No bycatch or discard data is available for
the fisheries. A length based stock model was developed to estimate annual stock abundance for the period
1976-2007. Summer commercial fishery data are available from 1977.

Stock biomass and recruitment trends

Estimated legal stock abundance was high during the 1970s, low in the early 1980s and mid 1990s, and has
gradually trended upward since 1996. Estimated recruitment was low in the late 1970s and early and late
1990s, and higher in the early 1980s, mid 1990s, and early 2000s, with a generally upward trend in the most
recent seasons.

Tier determination, Plan Team discussion and OFL determination

The Crab Plan Team discussed the current status of the stock abundance model and had several concerns. The
team notes that most model parameters are fixed and recommends that the justification for this be provided as
well as a sensitivity analysis conducted to evaluate alternative values. Selectively is currently pre-specified to
increase with size. Model results appear to indicate that something is mis-specified in the way that the model
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reaches each selectivity. The assessment should include greater sensitivity tests, particularly a range of
weights on various parameters considered. Model specification should be investigated and alternative
configuration sought as an improvement over the current model.

The team discussed alternative OFL setting approaches for this stock given concerns expressed about the
model. Three alternative approaches are put forward: (1) use of the model estimate (understanding the issues
inherent in the model estimate and suggestions for the following year); (2) use of the survey biomass estimate
to calculate a Tier 4 OFL; and (3) placing this stock in to Tier 5 and basing an OFL on average catch. While
the team expressed concerns as noted previously with the model and assessment as currently formulated, the
team concluded that use of survey biomass estimates not presented was not sufficient, and that use of a Tier 5
formulation when biomass estimates are available is inappropriate.

The team chose to go forward with a Tier 4 recommendation for this stock and the use of the model biomass
estimates to determine an appropriate OFL. The team discussed the author’s recommendation of the use of the
years 1983-2008 in order to exclude the 1976-1982 period. The start date of 1983 was chosen over 1980 due
to representing the first appearance of post-regime shift recruitment. Gamma was recommended at 1.0 due to
issues with the model and assumptions regarding selectivity in the model.

The team agreed with the assessment author’s recommendation for the years under consideration for the
BMSY proxy, and resulting OFL. For 2008, the Bysy proxy is 3.57 million Ibs, Fysy proxy =0.18, B =5.24
million 1bs, and LMB = 4.1162 million Ibs. The 2008 OFL for retained catch is 0.246 million crabs or 0.68
million Ibs. This OFL was established in June 2008 in order to allow for the summer fishery.

Status and catch specifications (million Ibs.) of Norton Sound red king crab

Biomass Retained  Total
Year mme) O TAC Catch Catch
2005 3.89 0.37 0.40
2006 3.62 0.45 0.45
2007 4.40 0.32 031* TBD
2008 >.24 0'68. 0.41 0.39* TBD
[retained]

*summer fishery only. Small winter and subsistence fisheries not included.

The 2008/09 MMB is above the proxy for MSST so the stock is not currently overfished. This stock is in Tier
4a stock status. The CPT will evaluate whether overfishing occurred during 2008 when the catches for
2008/09 become available.

Additional Plan Team recommendations

The team requested that additional information be included in future assessment reports on asymptotic
standard errors and selectivity parameters (to indicate which are fixed not estimated). The team discussed the
rationale for using the M value of 0.18 and its basis on laboratory studies. Some team members did not agree
with this estimate usage for this stock noting that model information could be used to inform the best
estimate. The team recommends that alternative M values be examined in the next assessment. The team
recommends exploration of a broader range of models and sensitivity analyses for this stock for the May 2009
assessment. The team further recommends the authors include a clear explanation of the gamma value chosen
for future models. The assessment authors should also provide a more complete rationale for choice of range
of years.

The SSC requested a presentation on this model at the October meeting.
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8 Aleutian Islands golden king crab (AIGKC)
Fishery information relative to OFL setting

The fishery has been prosecuted as a directed fishery since the 1981/82 season and has been open every
season since then. Retained catch peaked during the 1985/86—1989/90 seasons (average catch of 11.9 million
Ibs), but average harvests dropped sharply from the 1989/90 to 1990/91 season and average harvests for the
period 1990/91-1995/96 was 6.9 million Ibs. Management for a formally established GHL was first
introduced with a 5.9-million 1b GHL in the 1996/97 season, subsequently reduced to 5.7-million lbs
beginning with the 1998/99 season. The GHL (or TAC, since the 2005/06 season) has remained at 5.7 million
Ibs through the current season. Average retained catch for the period 1996/97-2006/07 was 5.6 million Ibs,
including 5.3 million Ibs in the 2006/07 season. This fishery is rationalized under the Crab Rationalization
Program.

Data and assessment methodology

There is no assessment model in use for this stock. Available data are from fish tickets (retained catch
numbers, retained catch weight, and pot lifts by statistical area and landing date), size-frequency data from
samples of landed crabs, at-sea observer data from pot lifts sampled during the fishery (date, location, soak
time, catch composition, size, sex, and reproductive condition of crabs, etc), data from a triennial pot survey
in the Yunaska-Amukta Island area of the Aleutian Islands (approximately 171° W longitude), recovery data
from tagged crabs released during the triennial pot surveys and bycatch data from the groundfish fisheries.
These data are available through the 2006/07 season and the 2006 triennial pot survey. Most of the available
data were obtained from the fishery which targets legal-size (>6-inch CW) males and trends in the data can be
affected by changes in both fishery practices and the stock. The triennial survey is too limited in geographic
scope and too infrequent to provide a reliable index of abundance for the Aleutian Islands area.

Stock biomass and recruitment trends

Estimates of stock biomass are not available for this stock. Estimates of recruitment trends and current levels
relative to virgin or historic levels are not available. However, there is good evidence that the sharp increase
in CPUE of retained legal males during recent fishery seasons was not due to a sharp increase in recruitment
of legal-size males.

Tier determination/Plan Team discussion and resulting OFL determination

AIGKC is recommended as a Tier 5 stock in 2008/2009. Byisy and MSST are not estimated for this stock.
OFL was set for this year using a retained catch OFL. The SSC differed with the Plan Team’s recommended
OFL in June 2008 (to use the time period for calculating average catch between 1990/1991 to 1995/1996 as
prior to 1990, there were indications that harvest was not sustainable) and instead selected a longer time
period over which to average catch. The time period recommended by the SSC is 1985/1986 to 1995/1996.
This resulted in a retained catch OFL of 9.18 million pounds. This OFL was established in June 2008 due to
the timing of the summer fishery.
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Status and catch specifications (millions Ibs.) of Aleutian Islands golden king crab

Biomass Retained  Total
Year mme) O TAC Catch Catch*
2005/06 NA 5.70 5.52 8.08
2006/07 NA 5.70 5.22 8.01
2007/08 NA 5.70 5.51 TBD
2008009 A 918 5.99 TBD TBD
[retained]

*catch listed here has not been discounted for mortality
No overfished determination is possible for this stock given the lack of biomass information. The CPT will
evaluate whether overfishing occurred during 2008 when the catches for 2008/09 become available.

Additional Plan Team recommendations

The plan team reviewed a new stock assessment model for Aleutian Islands golden king crab (Chapter 8b).
The plan team recommends continued development of the stock assessment model and presentation to the
SSC in October. The team recommends incorporation of plan team and SSC comments into the model for the
May 2009 plan team meeting. Use of an assessment model will allow for this stock to be moved to Tier 4 and
would provide focus for establishing research and data collection priorities.

Sufficient bycatch data exists to generate a total catch OFL and needs to be synthesized with an analysis for
future assessments.

Ecosystem Considerations summary
The assessment author should reference the Aleutian Islands Fishery Ecosystem Plan in future assessment
reports. No ecosystem considerations were considered at this time.

9 Pribilof Islands golden king crab
Fishery information relative to OFL setting

The domestic fishery around the Pribilof Islands for male golden king crab >5.5 in. CW (=124 in. CL)
developed in 1982. Since then, fishery participation has been sporadic and retained catches variable. The
fishery has been managed for a GHL of 0.15 million lbs since 2000. Non-retained bycatch occurs in the
directed fishery as well as the Bering Sea snow crab fishery and Bering Sea grooved Tanner crab fishery. No
vessels participated in the fishery in 2006 or 2007. This fishery was not included in the Crab Rationalization
Program. This fishery opens on January 1 and is open year round operating under a commissioners permit.
No permits have been issued since 2005 for this fishery.

Data and assessment methodology

There is no survey and no assessment model in use for this stock. Available data are from fish tickets
(including retained catch numbers, retained catch weight, and pot lifts by statistical area and landing date),
size-frequency data from samples of landed crabs, and at-sea observer data from pot lifts sampled during the
fishery (including date, location, soak time, catch composition, size, sex, and reproductive condition of crabs,
etc), and from the groundfish fisheries. Much of the directed fishery data is confidential due to low numbers
of participating vessels or processors.

Stock biomass and recruitment trends

Estimates of stock biomass are not available. Between 2002 and 2005, the average size of legal male golden
king crab taken in the commercial fishery decreased while CPUE increased, which may suggest some
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recruitment to the legal male portion of the stock during that period.
Tier determination/Plan Team discussion and resulting OFL determination

The team recommends that this stock be assigned to Tier 5 due to the lack of available biomass information.
Catch history from 1993-1999 is proposed for OFL determination resulting in an OFL of 0.17 million Ibs.
This OFL is proposed for retained catch only.

Status and catch specifications (million 1bs.) of Pribilof Islands golden king crab

Biomass Retained Catch
Year (MMB) OFL GHL Catch (non retained all fisheries)
2005/06 NA 0.15 Confidential* 0.019
2006/07 NA 0.15 0 (not available)
2007/08 NA 0.15 0 (not available)
2008/09 A 0.17 TBD TBD TBD
[retained]

* Confidential data not available due to a total of less than three vessels or processors participating in the
fishery

No overfished determination is possible for this stock given the lack of biomass information. The CPT will
evaluate whether overfishing occurred during 2008 when the catches for 2008/09 become available.

Additional Plan Team recommendations

All sources of mortality should be included in the assessment next year. The team recommends that
additional information from the NMFS slope survey be included in the assessment for 2009.

10  Adak red king crab, Aleutian Islands

Fishery information relative to OFL setting

The domestic fishery has been prosecuted since 1961 and was opened every season through the 1995/96
season. Non-retained catch of red king crabs occurs in both the directed red king crab fishery and in the
Aleutian Islands golden king crab fishery. Estimated non-retained catch during the 1996/97-2007/08 seasons
has been low (less than 50,000 lbs) and was less than 10 percent of the retained catch in 2002/03 and 2003/04
seasons.

Peak harvest occurred during the 1964/65 season with a retained catch of 21 million pounds. 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. 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. Retained catch during the 10-year period 1985/86 through 1994/95 averaged 943,000 lbs, but the
retained catch during the 1995/96 season was only 39,000 Ibs. Since the 1995/96 seasons, the fishery was
opened only occasionally. There was an exploratory fishery with a low GHL in 1998/99; three
Commissioner’s permit fisheries in limited areas during 2001 and 2002 to allow for ADF&G-Industry
surveys, and two commercial fisheries with a GHL of 500,000 1bs during the 2002/03 and 2003/04 seasons.
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 seasons (2002/03 and 2003/04) were opened only in the
Petrel Bank area. Retained catch in the last two commercial fishery seasons was 506,000 lbs (2002/03) and
479,000 lbs (2003/04). The fishery has been closed since the end of the 2003/04 season. Non-retained catch
of red king crabs occurs in both the directed red king crab fishery, in the Aleutian Islands golden king crab
fishery, and groundfish fisheries. Estimated non-retained catch during the 1996/97-2006/07 seasons averaged
26,000 Ibs per year. This fishery is rationalized under the Crab Rationalization Program only for the area
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west of 179° W longitude.

Data and assessment methodology

There is no assessment model in use for this stock. The department conducts periodic pot surveys in the area.
Prior to the 2006 survey, the last one conducted was in 2001, performed with industry participation under
provisions of a commissioner’s permit. In 2006 the department also conducted “niche” fishing in addition to
their regular survey design. Pots were fished at locations between the survey stations, in strings similar to
commercial fishing, utilizing the expertise of the vessel captain to provide location and pot spacing. Niche
fishing was conducted to the northwest portion of the Petrel Bank, the area that produced the highest catch of
red king crabs during the 2006 survey. Comparisons with the November 2001 industry survey were made for
both the 2006 survey and niche fishing. Due to differences in fishing practices, direct comparisons cannot be
made between the CPUE of legal males obtained during this survey with that obtained during the 2001
industry survey. Recognizing the limitations in making direct comparisons of the CPUE of legal males
between the 2006 survey and the November 2001 survey, the following observations on CPUE of legal males
during the 2006 survey and niche fishing relative to results of the November industry survey provide strong
evidence that the abundance of legal red king crabs in the Petrel Bank area was substantially lower in
November 2006 than in November 2001. The department attempted to do another systematic pot survey in
2007, but did not receive any bids for the charter. Future pot surveys will be dependent upon the
department’s ability to secure bids for charter work. The department has also been in discussion with industry
representatives concerning their desire for departmental review of future, detailed proposals for survey work
in this area.

The red king crab survey is too limited in geographic scope and too infrequent to provide a reliable index of
abundance for the Aleutian Islands area.

Stock biomass and recruitment trends

Estimates of stock biomass are not available for this stock. No stock assessment model has been developed for
this stock. Estimates of recruitment trends and current levels relative to virgin or historic levels are not
available. However, preliminary evidence indicates that red king crab stocks in the Adak area remain at low
levels of abundance.

Tier determination/Plan Team discussion and resulting OFL determination

The team recommends this as a Tier 5 stock in 2008. Bysy and MSST are not estimated. In May 2008 the
CPT recommended that the OFL for 2008/09 be set at 26,287 pounds of bycatch only (representing the
estimated average annual bycatch for the period 1996-2007). In June 2008 the SSC recommended that the
2008/09 OFL be set at 464,762 pounds of retained catch, computed as the average retained catch over the
time period 1985/86-2007/08. Although the CPT disagree with the SSC recommendation for the 2008/09, this
will form the basis for the OFL for this year.

The CPT note that the SSC recommendation relates to long-term productivity of the resource, but reiterates its
concerns regarding the current status of this stock. The CPT will further analyze existing information and
provide an updated rationale for an appropriate OFL for this stock given its current state in May 2009.

The SSC recommended exploring the possibility of using biomass dynamics (production) model to assess this
stock, if the large observed changes in the distribution of the fishery can be adequately addressed.
Information on bycatch estimates for the crab and groundfish fisheries during the 2007/08 season are included
in the document. The CPT recommends the assessment better integrate the available bycatch information
provided and anticipates computation of a total catch OFL for this stock in the May 2009 assessment.
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Status and catch specifications (millions of Ibs) of Adak RKC.

Introduction

Biomass Retained  Total
Year mme) O TAC Catch Catch
2005/06 NA Closed 0 0.004
2006/07 NA Closed 0 0.010
2007/08 NA Closed 0 0.011
2008/09 NA 0.46 . Closed 0 TBD
[retained]

*catch listed here has not been discounted for mortality
No overfished determination is possible for this stock given the lack of biomass information. The CPT will
evaluate whether overfishing occurred during 2008 when the catches for 2008/09 become available.

Additional Plan Team recommendations

For the May 2009 meeting, the Plan Team will discuss long-term plans for the assessment of this stock.
While this fishery has a long history, with the domestic fishery dating back to 1961, much of the data on the
stock prior to the early-to-mid 1980s is difficult to retrieve and analyze. Changes in definitions of fishery
statistical areas over the history of the fishery also make it difficult to assess geographic trends in effort and
catch over much of the fishery’s history. Efforts to compile metadata would be very valuable.

Ecosystem Considerations summary

This stock is unsurveyed, remote, and data-poor. As information on predator/prey relationships becomes
available, it will be included.
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Table 3. Crab Plan Team final recommendations September 2008

Introduction

Chap | Stock Tier | Stock ForL Buwsy or | Years' 2008°° | 2008 Gamma | Mortality (M) | 2008/09 OFL
# (1-5) | Status Bumsyproxy (biomass or | MMB MMB /| y. mill Ibs
level | level catch) MMBysy [note if
(a,b,c) retained only]
1 EBS snow crab 3 b 0.55 317.70 1979-2008 251.10° | 0.79 0.23 77.30
[recruitment] 0.29(mature
NA females only)
2 BB red king crab 3 b 0.33 | 75.11 1995-2008 95.58° | 1.27 0.18 24.20*
[recruitment]
3 EBS Tanner crab 4 b 0.12 189.76 1969-1980 108.28° | 0.57 1.0 0.23 15.52
[survey]
4 Pribilof Islands red | 4 a 0.18 | 8.66 1991-2007 9.26° 1.07 1.0 0.18 3.32
king crab [survey]
5 Pribilof Islands blue | 4 ¢ 0 9.28 1980-1984; 1990- | 0.257 0.03 NA NA 0.004
king crab 1997
[survey]
6 St. Matthew Island | 4 a 0.18 |7.39 1989-2008 10.74% 1.45 1.0 0.18 1.63
blue king crab [model estimate] [retained]
7 Norton Sound red | 4 a 0.18 3.57 1983-2008 5.243 1.47 1.0 0.18(M4-Ms) 0.68
king crab [model estimate] 0.216(Mg) [retained]
8 Al golden kingcrab | 5 1985/86-1995/96 9.18
[retained catch] [retained]
9 Pribilof Island golden | 5 NA 1993-1999 NA 0.17
king crab [retained catch] [retained]
10 Adak red king crab 5 1985/86-2007/08 0.46
[retained catch] [retained]

1 For Tiers 3 and 4 where Busy or Busyproxy IS €stimable, the years refer to the time period over which the estimate is made. For Tier 5 stocks it is the
years upon which the catch average for OFL is obtained.

2 MMB as projected for 2/15/2009 at time of mating.

3 Model mature biomass on 7/1/2008
4 Does not include female bycatch
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Stock Assessment of eastern Bering Sea snow crab

Benjamin J. Turnock and Louis J. Rugolo
National Marine Fisheries Service
September 18, 2008

THIS INFORMATION IS DISTRIBUTED SOLELY FOR THE PURPOSE OF
PREDISSEMINATION PEER REVIEW UNDER APPLICABLE INFORMATION QUALITY
GUIDELINES. IT HAS NOT BEEN FORMALLY DISSEMINATED BY NOAA
FISHERIES/ALASKA FISHERIES SCIENCE CENTER AND SHOULD NOT BE
CONSTRUED TO REPRESENT ANY AGENCY DETERMINATION OR POLICY

SSC Comments October 2007

Regarding the stock assessments for snow crab and Bristol Bay red king crab, a number of concerns were
raised by the stock assessment authors and by the plan team that should be addressed by the authors in
future assessments. Specifically, there are serious concerns about high fishing mortalities on the southern
portion of the snow crab stock, which may exacerbate observed northward shifts in their distribution. The
SSC recommends an analysis of the potential consequences of this high fishing mortality and of options
for apportioning catch spatially. A second issue of concern is the presence of disturbing trends in the
residuals of the fit to size frequency data, which may be a result of uncertainty in the practice of using
shell condition as a proxy for shell age. We anticipate that these and other issues will be addressed in a
requested CIE review of the snow crab assessment and the SSC looks forward to receiving a report on the
review.

Changes to the Model and response to CIE review and SSC Comments

A CIE review on the Bering sea snow crab assessment model was conducted in March 2008. The
reviewers suggested simplifying the model by not using shell condition in the estimation of fishery
selectivities due to uncertainty in shell age and shell condition. The CIE review and SSC noted residual
patterns in the first few bins of the length frequency fit.

To address these issues, the model was reconfigured to fit the pot fishery length frequencies for combined
shell condition, equal to the procedure for survey data. One fishery selectivity curve was estimated for
the total catch and one curve estimated for the retained catch for combined shell condition males in the
directed fishery. To address the residual pattern, the recruitment distribution was shifted toward smaller
size crab to better fit survey length data in the first length bin.

The CIE review also suggested that the mean growth of male and female crab should be equal at some
small size.

The mean growth of males and females was changed so that both sexes had the same intercept in the
linear growth equation. The slopes were adjusted so that growth at larger sizes was similar to growth
observations, given the change in the intercepts.

The CIE review, the SSC and CPT have noted patterns in the residuals of the fit to the survey length
frequency data.

NPFMCCrab Plan TeamSAFE
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A model that estimates a smooth function for the maturity probability for male and female crab was
presented in the draft May 2008 assessment. The estimated maturity provided some improvement in
residual patterns, however, projected catches and biomass values were very similar to the base model and
are not presented in this assessment. Spatial differences in growth and maturity may occur and require
development of a spatial model. Plots and tables presented here are for the base model

The CIE reviewers suggested investigating a simpler model fitting to total biomass and survey length
frequency by sex only, with a simple knife-edge maturity function.

This will be investigated in future assessments, however, knife-edge maturity may not be a reasonable
assumption, due to the link between maturity and growth for snow crab. Data on maturity status is
collected each year for both males and females as part of the survey data, a knife-edge maturity schedule
is unlikely to adequately represent growth with an animal with terminal molt.

CIE reviewers recommended not changing growth or maturity over time simply to fit the length frequency
data.

Growth and maturity are constant over time in the model as in previous assessments.
Changes to the Data

Catch and fishery length frequency data were also updated through the 2007/8 season.
Survey abundance and length frequency data from 2008 were added to the model.

SUMMARY

A size based model was developed for eastern Bering Sea snow crab (Chionoecetes opilio) to estimate
population biomass and harvest levels. Model estimates of total mature biomass of snow crab increased
from the early 1980’s to a peak in 1990 of about 1,580 million Ibs. The total mature biomass includes all
sizes of mature females and morphometrically mature males. Total mature biomass declined in the late
1990’s to about 489 million Ibs in 1999. The stock was declared overfished in 1999 because the survey
estimate of mature biomass (330 million Ibs) was below the minimum stock size threshold (MSST = 460
million Ibs). A rebuilding plan was implemented in 2000. Model estimates of total mature biomass
continued to decline to 348 million Ibs in 2002, then increased to 556 million Ibs in 2008. The 2007
observed survey total mature biomass increased to 607.8 million Ibs, about 66% of Bmsy. However, in
2008 observed survey total mature biomass declined to 509.4 million Ibs (55% of Bmsy). The observed
survey estimate of males greater than 101 mm increased from about 135 million in 2006 to 151 million in
2007, then declined to 117 million in 2008. In 2006 there was a high degree of uncertainty in the
estimated large male (>101mm) numbers. The 2007 survey estimate of 151 million crab had lower
uncertainty than in 2006 estimate, with an estimated 95% confidence interval +/-40%. Two large tows in
2007 accounted for about 46 million of the 151 million large males. In the 2008 survey the largest tow
accounted for about 8 million of the 117 million large males. Model estimates of large males (>101mm)
were about 96 million crab in 2006, 132 million in 2007 and 155 million in 2008.

Catch has followed survey abundance estimates of large males, since the survey estimates have been the
basis for calculating the GHL (Guideline Harvest Level for retained catch). Retained catches increased
from about 6.7 million Ibs at the beginning of the directed fishery in 1973 to a peak of 328 million Ibs in
1991, declined thereafter, then increased to another peak of 243 million Ibs in 1998. Retained catch in the
2000 fishery was reduced to 33.5 million Ibs due to the low abundance estimated by the 1999 survey. A
harvest strategy (Zheng et al. 2002) was developed using a simulation model previous to the development
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of the current stock assessment model, that has been used to set the most recent GHL’s. Retained catch in
the 2006 fishery was 37 million Ibs, 36.4 million Ibs in 2007 and 63 million Ibs in the 2008 fishery.

Estimated discard mortality (mostly undersized males and old shell males) in the directed pot fishery has
averaged about 15.5% (with assumed mortality of 50%) of the retained catch biomass since 1992 when
observers were first placed on crab vessels. Discards prior to 1992 were estimated based on fishery
selectivities estimated for the period with observer data. Discard mortality was assumed to be 50%.

Projected catch and biomass for 2008/9-2013/14 was estimated using mature male biomass at the time of
mating (February) and fishing at the F35% and F40% control rules. Due to the decline in observed survey
biomass in 2008, the trend in model estimated biomass is lower than estimated in the 2007 assessment.
The 2008/9 mature male biomass at mating time is projected to be at 79% of B35% fishing at the F35%
control rule and 84% of B35% fishing at the F40% control rule. Using a harvest control rule with B40%
and F40%, the 2008/9 total catch was estimated at 59.7 million Ibs (F = 0.40), with a retained catch of
49.7 million Ibs. Using a harvest control rule with B35% and F35%, the 2008/9 total catch OFL was
estimated at 77.3 million Ibs (F = 0.55) with a retained catch of 64.7 million Ibs.

Retained
catch Male
Mature Biomass
male (>101mm) Total
OFL Lower Upper Maximum | biomass at survey
Total 95% C.I. 95% C.I. F (full at mating beginning  mature
F35% catch total catch | total catch selection) | time of Fishery  biomass
Year
2008/9 77.3 60.2 93.4 64.7 0.55 251.1 175.2 555.5

The rebuilding plan developed for snow crab projected a 50% probability of rebuilding by 2010. The
probability of rebuilding to the total survey mature biomass Bmsy of 921.6 million Ibs in 2010 is 0%
fishing at either the F35% or F40% control rules. The year of rebuilding to total survey biomass with
fishing at the F40% control rule was estimated at 2020.

If snow crab are managed as a Tier 3 stock, then B35% would serve as a proxy for Bmsy, and mature
male biomass at the time of mating would be used to assess the stock. Under tier 3 management, the
probability of rebuilding to B35% in 2010 is 0.2%, fishing at F35%, and 5.3% fishing at F40%.
Rebuilding to B35% using mature male biomass at mating time and fishing at F40% was estimated at
50% for the year 2015/16.

There is a high degree of uncertainty in future biomass and catch projections, and the projected OFLs and
biomass may change when the next survey biomass is added to the model. The probability of rebuilding
by 2010 is dependent on recruits estimated by the model and the trend in biomass in the last few years of
the survey, while projections in later years will depend on the method of generating future recruitments.
Biomass is expected to be slightly higher in 2009/10 to 2010/11, then decrease due to recent lower
recruitment estimates and using autocorrelation to generate future recruitments in the projections. The
use of random recruitment will result in a higher probability of rebuilding the stock relative to using a
spawner recruit curve and autocorrelated recruitment as used in the projections presented here. The trends
in future biomass will depend on realized catches and future recruitment and may change in future
assessments as more data on the strength of the recent recruitments is obtained.
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Exploitation rates in the southern portion of the range of snow crab have been higher than target rates
estimated using abundances in the geographic distribution of the stock due to the majority of catch
occurring in the southern portion of the snow crab range. This prominent feature of the fishery for Bering
Sea snow crab has possibly contributed to the shift in distribution to less productive waters in the north.
Computing the catch based on the complete survey biomass, then extracting that catch from only the
southern component of the stock results in exploitation rates higher than the target rate on crabs in the
southern area of the distribution. A biologically meaningful solution would be to split the catch into two
regions, north and south, according to the percent distribution of the survey estimate of exploitable males
from those regions or the distribution at the time of the fishery if known. In 2003 and 2004, 26% and
24% respectively of male biomass greater than 101 mm measure in the survey was south of 58.5 deg N.
The distribution of catch in the 2006/7 fishery is similar to recent fisheries. Synchronizing the population
distribution and catch distribution would result in realized exploitation rate at or close to the target rate in
all areas.

INTRODUCTION

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 common at
depths less than about 200 meters. 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.

CATCH HISTORY

Snow crab were harvested in the Bering Sea by the Japanese from the 1960s until 1980 when the
Magnuson Act prohibited foreign fishing. Retained catch in the domestic fishery increased in the late
1980’s to a high of about 328 million Ibs in 1991, declined to 65 million Ibs in 1996, increased to 243
million Ibs in 1998 then declined to 33.5 million Ibs in the 2000 fishery (Table 1, Figure 1). Due to low
abundance and a reduced harvest rate, retained catches remained low and were 32.7 million Ibs in the
2002 fishery (40.0 million Ibs total catch (with 50% discard mortality), 28.3 million Ibs of retained catch
in 2003 (35.1 million Ibs total catch). Retained catch in the 2005/6 fishery was 37.0 million Ibs and in
2006/7 fishery, 36.4 million Ibs. The retained catch for the 2007/8 fishery was 63 million Ibs.

Discard from the directed pot fishery was estimated from observer data since 1992 and ranged from 11%
to 64% (averaged about 33%) of the retained catch of male crab biomass (Table 1). Female discard catch
is very low and not a significant source of mortality. In 1992 trawl discard mortality was about 9 million
Ibs, then declined to about 2 to 3 million Ibs until 1998, when it declined to below 1 million Ibs (except
2005, 1.4 million Ibs). Discard in groundfish fisheries from highest to lowest catch is the yellowfin sole
trawl fishery, flathead sole trawl fishery, Pacific cod bottom trawl fishery, rock sole trawl fishery and the
Pacific cod hook and line and pot fisheries.

Size frequency data and catch per pot have been collected by observers on snow crab fishery vessels since
1992. Observer coverage was 10% on catcher vessels larger than 125 ft (since 2001), and 100% coverage
on catcher processors (since 1992).

The average size of retained crabs has remained fairly constant over time ranging between 105 mm and
118 mm, and most recently about 110 mm to 111 mm. The percent new shell animals in the catch has
varied between 69% (2002 fishery) to 98% (1999), and was 87% for the 2005/6 fishery and 93% in the
2007/8 fishery. In the 2007/8 fishery 94% of the new shell males >101mm CW were retained, while 78%
of the old shell males >101mm CW were retained. Only 3% of crab were retained between 78mm and
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101 mm CW. The average weight of retained crab has varied between 1.1 Ibs (1983-1984) and 1.6
Ibs(1979), and 1.3 Ibs in the recent fisheries.

Several modifications to pot gear have been introduced to reduce bycatch mortality. In the 1978/79
season, pots used in the snow crab fishery first contained escape panels to prevent ghost fishing. Escape
panels consisted of an opening with one-half the perimeter of the tunnel eye laced with untreated cotton
twine. The size of the cotton laced panel to prevent ghost fishing was increased in 1991 to at least 18
inches in length. No escape mechanisms for undersized crab were required until the 1997 season when at
least one-third of one vertical surface 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 for undersize 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.

Harvest rates

The Harvest rate used to set the GHL (Guideline harvest level of retained crab only) previous to 2000 was
58% of the number of male crab over 101 mm carapace width estimated from the survey (Anonymous,
2000). The minimum legal size limit for snow crab is 78 mm, however, the snow crab market generally
accepts animals 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 harvest strategy was developed based on simulations by Zheng (2002).

The actual retained catch typically exceeded the GHL historically, resulting in exploitation rates for the
retained catch (using survey numbers) ranging from about 60% to 100% for most years (Figure 4). The
exploitation fraction is calculated using the abundance for male crab over 101 mm estimated from the
survey data reduced by the natural mortality from the time of the survey until the fishery occurs,
approximately 7 months later, since the late 1980’s. The historical GHL calculation did not include the
correction for time lapsed between the survey and the fishery. In 1986 and 1987 the exploitation rate
exceeded 1.0 because some crabs are retained that are less than 102 mm, discard mortality of small crabs
is also included, and survey catchability may be less than 1.0. The exploitation fraction using the total
catch divided by the mature male biomass estimated from the model, ranged from 10% to 50% (Figure 5).
The exploitation fraction estimated by dividing the total catch by the model estimate of the crabs over 101
mm ranged from about 15% to 80% (Figure 5). The total exploitation rate on males > 101 mm was 50%
to 75% for 1986 to 1994 and near 70% for 1998 and 1999 (year when fishery occurred).

Prior to adoption of Amendment 24, Bmsy (921.6 million Ibs) was defined as the average total mature
biomass (males and females) estimated from the survey for the years 1983 to 1997 (BSAI crab FMP
1998). MSST was defined as 50% of the Bmsy value (MSST=460 million lbs of total mature biomass).
The harvest strategy since 2000/1 used a retained crab harvest rate on the mature male biomass of 0.10 on
levels of total mature biomass greater than %2 MSST (230 million Ibs), increasing linearly to 0.225 when
biomass is equal to or greater than Bmsy (921.6 million Ibs) (Zheng 2002). The GHL was actually set as
the number of retained crab allowed in the harvest, calculated by dividing the GHL in Ibs by the average
weight of a male crab > 101 mm. If the GHL in numbers was 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 GHL is
capped at 58%. If natural mortality is 0.2, then this actually results in a realized exploitation rate cap for
the retained catch of 66% at the time of the fishery, occurring approximately 7 months after the survey.
The fishing mortality rate that results from this harvest strategy depends on the relationship between
mature male size numbers and male numbers greater than 101 mm. The maximum full selection fishing
mortality rate is close to 1.0 at the maximum harvest rate of 0.225 of mature male biomass.
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ABUNDANCE TRENDS
Survey Biomass

Abundance is estimated from the annual Bering Sea bottom trawl survey conducted by NMFS (see
Rugolo et al. 2003 for design and methods). Since 1989, the survey has sampled stations farther north
than previous years (61.2 deg N previous to 1989). In 1982 the survey net was changed resulting in a
change in catchability. Juvenile crabs tend to occupy more inshore northern regions (up to about 63
degrees N) and mature crabs deeper areas to the south of the juveniles (Zheng et al. 2001).

The total mature biomass (all sizes of morphometrically mature males and females) estimated from the
survey declined to a low of 188 million Ibs in 1985, increased to a high of 1,775 million Ibs in 1991
(includes northern stations after 1989), then declined to 330 million lbs in 1999, when the stock was
declared overfished (Table 2 and Figure 2). The mature biomass increased in 2000 and 2001, mainly due
to a few large catches of mature females. Survey estimates of total mature biomass increased from 519
million Ibs in 2006 to 607.8 million Ibs in 2007, then decreased in 2008 to 509.4 million Ibs.

The observed survey estimate of males greater than 101 mm increased from about 69 million in 2005 to
135 million in 2006, 151 million in 2007, then declined to 117 million in 2008. In 2006 there was a high
degree of uncertainty in the estimated large male (>101mm) numbers, with the majority being caught in
one tow. The 2007 survey estimate of 151 million crab has lower uncertainty than in 2006, with an
estimated 95% confidence interval +/-40%. Two large tows in 2007 accounted for about 46 million of the
151 million large males. In the 2008 survey the largest tow accounted for about 8 million of the 117
million large males. Model estimates of large males (>101mm) were about 96 million crab in 2006 and
132 million in 2007 and 155 million in 2008.

The term mature for male snow crab will be used here to mean morphometrically mature. Morphometric
maturity for males refers to a marked change in chelae size (thereafter termed “large claw”), after which
males are assumed to be effective at mating. Males are functionally mature at smaller sizes than when
they become morphometrically mature, although the contribution of these “small-clawed” males to annual
reproductive output is negligible. The minimum legal size limit for the snow crab fishery is 78 mm,
however the size for males that are generally accepted by the fishery is >101mm. The historical quotas
were based on the survey abundance of large males (>101mm).

Survey Size Composition

Carapace width is measured on snow crab and shell condition noted in the survey and the fishery. Snow
crab cannot be aged at present (except by radiometric aging of the shell since last molt), however, shell
condition has been used as a proxy for age. Based on protocols adopted in the NMFS EBS trawl survey,
shell condition class and presumptive age are as follows: soft shell (SC1) (less than three months from
molting), new shell (SC2) (three months to less than one year from molting), old shell (SC3) (two years to
three years from molting), very old shell (SC4) (three years to four years form molting), and very very old
shell (SC5) (four years or longer from molting). Radiometric aging of shells from terminal molt male
crabs (after the last molt of their lifetime) elucidated the relationship between shell condition and
presumptive age, which will be discussed in a later section (Nevissi et al 1995 and Orensanz unpub.
Data).

Survey abundance by size for males and females indicate a moderate recruitment of small crab in 2004,
2005 and 2006 (Figures 6 through 9). High numbers of small crab in the late 1970’s did not follow
through the population to the mid-1980’s. The high numbers of small crab in the late 1980’s resulted in
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the high biomass levels of the early 1990°s and subsequent high catches. Moderate increase in numbers
can also be seen in the mid 1990’s.

Spatial distribution of catch and survey abundance

The majority of the fishery catch occurs south of 58.5 deg N., even in years when ice cover did not
restrict the fishery moving farther north. In past years, most of the fishery catch occurred in the southern
portion of the snow crab range possibly due to ice cover and proximity to port and practical constraints of
meeting delivery schedules. In 2003, 66% of the catch was south of 58.5 deg N. (Figure 10), and in 2004
78% of the catch was south of 58.5 deg N. (Figure 11). In 2003 and 2004 the ice edge was farther north
than past years, allowing some fishing to occur as far north as 60-61 deg N. Catch in the 2007 fishery
was similar to recent years (Figure 12) with most catch south of 58 degrees N. and west of the Pribilof
Islands between about 171 deg. W and 173 deg W.

Summer survey data from 2003 to 2007 show approximately 75% of the mature male snow crab
population resides in a region outside of the fishery zone (north of 58.5 deg N Latitude). The 2003 survey
estimated about 24% of the male snow crab >101mm were south of 58.5 deg N. About 48% of those
males were estimated to be new shell. In 2004 and 2005, about 26 % of the survey abundance of male
snow crab > 101 mm and the mature male biomass were south of 58.5 deg N. latitude (Figures 13 through
17). About 53% of those males south of 58.5 deg N. were estimated to be new shell (which are preferred
by the fishery). The 2004 fishery retained about 19 million crab of which about 14.8 million were caught
south of 58.5 deg south (about 78%). Although these new shell males are morphometrically mature (i.e.,
large clawed), at the time of the fishery, they are subject to exploitation prior to recruiting to the
reproductive stock. The 2003 survey estimate of new shell male crab > 101 mm was about 7.6 million
south of 58.5 deg N. which would have been fished on in the 2004 fishery. In the 2004 survey about 9.5
million new shell males >101mm were estimated south of 58.5 deg N.

The spatial distribution of large male snow crab in the 2007 survey was similar to 2005 (Figures 17 and
18), however, 2007 had fewer crab in the area to the south and west of St. Matthew Island. Female crab >
49 mm occurred in higher concentration in generally three areas, just north of the Pribilof Islands, just
south and west of St. Matthews Island, and to the north and west of St. Matthew Island. Males > 78 mm
were distributed in similar areas to females, except the highest concentrations were between the Pribilof
Islands and St. Matthews Island.

The spatial distribution of large male snow crab in the 2008 survey was farther south and east than in
2007 (Figures 18 and 18b). The 2008 summer survey estimated about 56% of large males below 58.5 deg
N, higher than in previous years. About 53% of large new shell males were estimated to be south of 58.5
deg N. New shell crab were 66% of the large crab south of 58.5 deg N. There was one large tow of large
males that occurred at 168 W 57N, farther east than has been observed in recent years. Also in 2008 the
largest tows resulted in estimates of abundance of about 8 million crab (in a 20nm by 20nm square), while
in 2007 the largest tows were about 20-25 million crab.

The difference between the summer survey distribution of large males and the fishery catch distribution
indicates that survey catchability may be less than 1.0 and/or some movement occurs between the summer
survey and the winter fishery. However, the exploitation rate on males south of 58.5 deg N exceeds the
target rate, possibly resulting in a depletion of males from the southern part of their range. Snow crab
larvae probably drift north and east after hatching in spring. Snow crab appear to move south and west as
they age, however, no tagging studies have been conducted to fully characterize the ontogenetic or annual
migration patterns of this stock. High exploitation rates in the southern area may have resulted in a
northward shift in snow crab distribution. Lower egg production in the south from lower clutch fullness
and higher percent barren females possibly due to insufficient males for mating may drive a change in
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distribution to the north. The northward shift in mature females is particularly problematic in terms of
annual reproductive output due to lowered productivity from the shift to biennial spawning of animals in
waters < 1.5 deg C in the north. The lack of males in the southern areas at mating time (after the fishery
occurs) may result in insufficient males for mating.

Armstrong and Ernst (in press) found the centroids of survey summer distributions have moved to the
north over time (Figures 19 and 20). In the early 1980’s the centroids of mature female distribution were
near 58.5 deg N, in the 1990°s the centroids were about 59.5 deg N. The centroids of old shell male
distribution was south of 58 deg N in the early 1980’s, moved north in the late 1980°s and early 1990’s
then shifted back to the south in the late 1990’s (Figure 20). The distribution of males>101 mm was
about at 58 deg N in the early 1980’s, then was farther north (58.5 to 59 deg N) in the late 1980’s and
early 1990’s, went back south in 1996 and 1997 then has moved north with the centroid of the distribution
in 2001 just north of 59 deg N.(Figure 20). The centroids of the catch are generally south of 58 deg N,
except in 1987 (Figure 20). The centroids of catch also moved north in the late 1980°s and most of the
1990’s. The centroids of the catch were about at 56.5 deg N in 1997 and 1998, then moved north to
above 58.5 deg in 2002.

ANALYTIC APPROACH
Data Sources

Catch data and size frequencies of retained crab from the directed snow crab pot fishery from 1978 to the
2008 season were used in this analysis. Observers were placed on directed crab fishery vessels starting in
1990. Size frequency data on the total catch (retained plus discarded) in the directed crab fishery were
available from 1992 to 2008. Total discarded catch was estimated from observer data from 1992 to
2008(Table 1). The discarded male catch was estimated for 1978 to 1991 in the model using the
estimated fishery selectivities based on the observer data for the period 1992 to 2008. The discard catch
estimate was multiplied by the assumed mortality of discards from the pot fishery. The mortality of
discarded crab was assumed to be 50%. This estimate differs from the ADF&G harvest strategy used
since 2001, which assumes a discard mortality of 25% (Zheng 2002). The discard mortality assumptions
will be discussed in a later section. The estimated discards previous to 1992 may be underestimates due
to the lack of escape mechanisms for undersized crab in the pots prior to 1997.

The following table contains the various data components used in the model,

Data component Years
Retained male crab pot fishery size frequency 1978-2008 (Year when fishery actually
by shell condition occurred)
Discarded male and female crab pot fishery size | 1992-2008
frequency
Traw!| fishery bycatch size frequencies by sex 1991-2007
Survey size frequencies by sex and shell 1978-2008
condition
Retained catch estimates 1978-2008
Discard catch estimates from snow crab pot 1992-2008 from observer data
fishery
Trawl bycatch estimates 1973-2007
Total survey biomass estimates and coefficients | 1978-2008
of variation
NPFMCCrab Plan TeamSAFE

Page8



CRABSAFE 2008

9/19/2008 9 DRAFT

Model Structure

The model structure 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. This software provides the
derivative calculations needed for finding the objective function via a quasi-Newton function
minimization routine (e.g., Press et al. 1992). The model implementation language (ADModel Builder)
gives simple and rapid access to these routines and provides the ability to estimate the variance-
covariance matrix for all parameters of interest.

Details of the population dynamics and estimation equations, description of variables and likelihood
equations are presented in Appendix A (Tables A.1, A.2 and A.3). The population dynamics equations,
incorporating the growth transition matrix and molting probabilities are similar to other size based crab
models (Zheng et al. 1995 and 1998). There were a total of 234 parameters estimated in the model (Table
A.4) for the 30 year range of data (1978-2007). The 90 fishing mortality parameters (one set for the male
catch, one set for the female discard catch, and one set for the trawl fishery bycatch) estimated in the
model were constrained so that the estimated catch fit the observed catch closely. There were 31
recruitment parameters estimated in the model, one for the mean recruitment, 30 for each year from 1979
to 2008 (male and female recruitment were fixed to be equal). There were 12 fishery selectivity
parameters that did not change over time as in previous assessments. Survey selectivity was estimated for
three different periods resulting in 9 parameters estimated. One parameter was estimated to fit the pot
fishery CPUE time series.

Molting probabilities for mature males and females were fixed at 0, i.e., growth ceases at maturity which
is consistent with the terminal molt paradigm (Rugolo et al. 2005 and Tamone et al. 2005). Molting
probabilities were fixed at 1.0 for immature females and males. The intercept and slope of the linear
growth function of postmolt relative to premolt size were fixed in the model using parameters estimated
from growth measurements for Bering Sea snow crab (4 parameters, Table A.5). A gamma distribution
was used in the growth transition matrix with the beta parameters fixed at 0.75 for male and females.

The model separates crabs into mature, immature, new shell and old shell, and male and female for the
population dynamics. The model estimate of survey mature biomass is fit to the observed survey mature
biomass time series by sex. The model fits the size frequencies of the survey by immature and mature
separately for each sex. The model fits the size frequencies for the pot fishery catch by new and old shell
and by sex.

Crabs 25 mm CW (carapace width) and larger were included in the model, divided into 22 size bins of 5
mm each, from 25-29 mm to a plus group at 130-135mm. In this report the term size as well as length
will be considered synonymous with CW. Recruits were distributed in the first few size bins using a two
parameter gamma distribution with the parameters estimated in the model. The alpha parameter of the
distribution was fixed at 11.5 and the beta parameter was fixed at 4.0. Eighty-eight parameters were
estimated for the initial population size composition of new and old shell males and females in 1978. No
spawner-recruit relationship was used in the population dynamics part of the model. Recruitments for
each year were estimated in the model to fit the data.
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The NMFS trawl survey occurs in summer each year, generally in June-July. In the model, the time of
the survey is considered to be the start of the year (July), rather than January. The modern directed snow
crab pot fishery has occurred generally in the winter months (January to February) over a short period of
time. In contrast, in the early years the fishery occurred over a longer time period. The mean time of the
fishery was estimated from the weighted distribution of catch by day for each year. The fishing mortality
was applied all at once at the mean time for that year. Natural mortality is applied to the population from
the time the survey occurs until the fishery occurs, then catch is removed. After the fishery occurs,
growth and recruitment take place (in spring), with the remainder of the natural mortality through the end
of the year as defined above.

Weight - Size

The weight (kg) — size (mm) relationship was estimated from survey data, where weight = a* size”.
Juvenile female a= 0.00000253, b=2.56472. Mature female a=0.000675 b=2.943352, and males, a=
0.00000023, b=3.12948 (Figure 21).

Maturity

Maturity for females was determined by visual examination during the survey and used to determine the
fraction of females mature by size for each year. Female maturity was determined by the shape of the
abdomen, by the presence of brooded eggs or egg remnants.

Morphometric maturity for males is determined by chela height measurements, which are available
starting from the 1989 survey (Otto 1998). The number of males with chela height measurements has
varied between about 3,000 and 7,000 per year. In this report a mature male refers to a morphometrically
mature male.

One 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 at small widths 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 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 (Lou Rugolo et al. 2005).

The probability of a new shell crab maturing was estimated outside the model to move crab from
immature to mature in the model. The probability of maturing was estimated to match the observed
fraction mature for all mature males and females observed in the survey data. While the fraction of all
animals that are mature is fit well, the fraction of crab that are old shell is greater than in the survey data.
The probability of maturing by size for female crab was about 50% at about 50 mm and increased to
100% at 80mm (Figure 22). The probability of maturing for male crab was 20% at 80 mm, increased to
50% at 100mm, about 905 at 120mm and 100% at 135 mm.

Selectivity

Selectivity curves for the retained and total catch were estimated as two-parameter ascending logistic
curves (Figure 23). The probability of retaining crabs by size with combined shell condition was
estimated as an ascending logistic function. The selectivities for the retained catch were estimated by
multiplying the retention curve by the selectivities for the retained plus discarded size compositions.
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The selectivities for the survey and trawl bycatch were estimated with two-parameter, ascending logistic
functions (Survey selectivities in Figure 24). Survey selectivities were set equal for males and females.
Separate survey selectivities were estimated for the period 1978 to 1981, 1982 to 1988, and 1989 to the
present. The maximum selectivity was estimated in the model. The separate selectivities were used due
to the change in catchability in 1982 from the survey net change, and the addition of more survey stations
to the north of the survey area after 1988. Survey selectivities have been estimated for Bering Sea snow
crab from underbag trawl experiments (Somerton and Otto 1999) (Figure 24). A bag underneath the
regular trawl was used to catch animals that escaped under the footrope of the regular trawl, and was
assumed to have selectivity equal to 1.0 for all sizes. The selectivity was estimated to be 50% at about 74
mm, 0.73 at 102 mm, and reached about 0.88 at the maximum size in the model of 135 mm.

Growth

Very little information exists on growth for Bering Sea snow crab. Tagging experiments were conducted
on snow crab in 1980 with recoveries occurring in the Tanner crab (Chionoecetes bairdi) fishery in 1980
to 1982 (Mcbride 1982). All tagged crabs were males greater than 80mm CW, which were released in
late may of 1980. Forty-nine tagged crabs were recovered in the Tanner crab fishery in the spring of 1981
of which only 5 had increased in carapace width. It is not known if the tags inhibited molting or resulted
in mortality during molting, or the extent of tag retention. One crab was recovered after 15 days in the
1980 fishery, which apparently grew from 108 mm to 123 mm carapace width. One crab was recovered
in 1982 after almost 2 years at sea that increased from 97 to 107 mm.

Growth data from 14 male crabs collected in March of 2003 that molted soon after being captured were
used to estimate a linear function between premolt and postmolt width (Lou Rugolo unpublished data,
Figure 25). The crabs were measured when shells were still soft because all died after molting, so
measurements are probably underestimates of postmolt width (Rugolo, pers. com.). Growth appears to be
greater than growth of some North Atlantic snow crab stocks (Sainte-Marie 1995). Growth from the 1980
tagging of snow crab was not used due to uncertainty about the effect of tagging on growth. No growth
measurements exist for Bering Sea snow crab females. North Atlantic growth data indicate growth is
slightly less for females than males.

Growth was modeled using a linear function to estimate the mean width after molting given the mean
width before molting (Figure 25),

Width, = a + b* width,

The parameters a and b were estimated from the observed growth data for Bering Sea male snow crab.
However, the intercept for both male and female crab was estimated as the average of the intercepts
estimated for males from the Bering Sea data and the value assumed for females. Equal intercepts were
used because growth of both sexes is probably equal at some small size.

Crab were assigned to 5mm width bins using a gamma distribution with mean equal to the growth
increment by sex and length binand a beta parameter (which determines the variance),

1'+2.5
GrsH‘ = jGamma(oxsvI , )

1'-25

Where Gr is the growth transition matrix for sex, s and length bin I (premolt size). I’ is the postmolt size.
The Gamma distribution is,
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X
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Where x is length and alpha and beta are parameters. Beta for both males and females was fixed in the
model at 0.75.

Natural Mortality

A full discussion of natural mortality estimation for snow crab was presented in the 2007 assessment
(Turnock and Rugolo 2007). Natural mortality is an essential control variable in population dynamic
modeling, and may have a large influence on derived optimal harvest rates. Natural mortality rates
estimated in a population dynamics model may have high uncertainty and it may be correlated with other
parameters, and therefore is usually fixed. However, a large portion of the uncertainty in model results
(e.g. current biomass), will be attributed to uncertainty in natural mortality, when natural mortality is
estimated in the model. The ability to estimate natural mortality in a population dynamics model depends
on how the true value varies over time as well as other factors (Fu and Quinn 2000, Schnute and Richards
1995).

We examined the empirical evidence for reliable estimates of oldest observed age for male snow crab.
Radiometric aging of male snow crab carapaces sampled in the Bering Sea stock in 1992 and 1993, as
well as the ongoing tag recovery evidence from eastern Canada reveal observed maximum ages in
exploited populations of 17-19 years (Nevissi, et al 1995, St. Marie 2002). We reasoned that in a virgin
population of snow crab, longevity would be at least 20 years. Hence, we used 20 years as a proxy for
longevity and assumed that this age would represent the upper 99" percentile of the distribution of ages in
an unexploited population if observable. Under negative exponential depletion, the 99" percentile
corresponding to age 20 of an unexploited population corresponds to a natural mortality rate of 0.23.
M=0.23 was used for all immature crab and for mature male crab. M was set at 0.29 for mature female
crab assuming that maturity occurs at a younger age and post—mature longevity is similar to mature male
crab. Information of longevity of female crab is needed for estimation of M.

Radiometric ages estimated by Nevissi, et al (1995) may be underestimated by several years, due to the
continued exchange of material in crab shells even after shells have hardened (Craig Kastelle, pers.
comm., Alaska Fisheries Science Center, Seattle, WA).

Molting probability

Female and male snow crab have a terminal molt to maturity. Many papers have dealt with the question
of terminal molt for Atlantic Ocean mature male snow crab (e.g., Dawe, et al. 1991). A laboratory study
of morphometrically mature male Tanner crab, which were also believed to have a terminal molt, found
all crabs molted after two years (Paul and Paul 1995). Bering Sea male snow crab appear to have a
terminal molt based on data on hormone levels (Tamone et al. 2005) and findings from molt stage
analysis via setagenesis. The models presented here have a terminal molt for both males and females.

Male Tanner and 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 about 100 days from molting (Paul, et al. 1995). Sainte-Marie (2002) states that only
old shell males take part in mating for North Atlantic snow crab. If molting precludes males from
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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. Animals
that molt to maturity at a size smaller than what is acceptable to the fishery may be subjected to fishery
mortality from being caught and discarded before they have a chance to mate. However, new shell males
will be a mixture of crab less than 1 year from terminal molt and 1+ 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 probably 3 or 4 years old and would be expected to molt annually.

The growth transition matrix was applied to animals that grow, resulting in new shell animals. Those
animals that don’t grow become old shell animals. Animals that are classified as new shell in the survey
are assumed to have molted during the last year. The assumption is that shell condition (new and old) is
an accurate measure of whether animals have molted during the previous year. The relationship between
shell condition and time from last molt needs to be investigated further. Additional radiometric aging for
male and female snow crab shells is being investigated to improve the estimate of radiometric ages from
Orensanz (unpub. data).

Mating ratio and reproductive success

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. Resorbtion 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. Male snow crab
are sperm conservers, using less than 4% of their sperm at each mating. 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.

The fraction barren females and clutch fullness observed in the survey increased in the early 1990’s then
decreased in the mid- 1990’s then increased again in the late 1990’s (Figures 26 and 27). 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 1990’s, the rate of production from the stock may have been reduced due to the spatial
distribution of the catch relative and the resulting sex ratio in areas of highest reproductive potential. The
faction of barren females was low in 2006, however, increased to high levels in 2007. Clutch fullness
was high in 2006, then declined in 2007.

The fraction of barren females in the 2003 and 2004 survey south of 58.5 deg N latitude was generally
higher than north of 58.5 deg N latitude (Figures 28 and 29). In 2004 the fraction barren females south of
58.5 deg N latitude was greater for all shell conditions. In 2003, the fraction barren was greater for new
shell and very very old shell south of 58.5 deg N latitude.

Laboratory analysis of female snow crab collected in waters less than 1.5 deg C and colder from the
Bering Sea have been determined to be biennial spawners in the Bering Sea. Future recruitment may be
affected by the fraction of biennial spawning females in the population as well as the estimated fecundity
of females, which may depend on water temperature.
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An index of reproductive potential for crab stocks needs to be defined that includes spawning biomass,
fecundity, fertilization rates and frequency of spawning. In most animals, spawning biomass is a
sufficient index of reproductive potential because it addresses size related impacts on fecundity, and
because the fertilization rates and frequency of spawning are relatively constant over time. This is not the
case for snow crab.

The centroids of the cold pool (<2.0 deg C) were estimated from the summer survey data for 1982 to
2006 (Figure 30). The centroid is the average latitude and average longitude. In the 1980’s the cold pool
was farther south(about 58 to 59 deg N latitude) except for 1987 when the centroid shifted to north of 60
deg N latitude. The cold pool moved north from about 58 deg N latitude in 1999 to about 60.5 deg N
latitude in 2003. The cold pool was farthest south in 1989, 1999 and 1982 and farthest north in 1987,
1998, 2002 and 2003. 2005 the cold pool was north, then in 2006 back to the south. Both 2007 and 2008
were cold years.

The clutch fullness and fraction of unmated females however, does not account for the fraction of females
that may have unfertilized eggs. The fraction of barren females observed in the survey may not be an
accurate measure of fertilization success because females may retain unfertilized eggs for months after
extrusion. To examine this hypothesis, RACE 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. All females then
extruded a new clutch of eggs in the absence of males. All eggs were retained until the crabs were
sacrificed 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 sacrificed. Indices of fertilized females based on the visual inspection method of
assessing clutch fullness and percent unmated females may overestimate fertilized females and not an
accurate index of reproductive success.

McMullen and Yoshihara (1969) examined female red king crab around Kodiak Island in 1968 and found
high percentages of females without eggs in areas of most intense fishing (up to 72%). Females that did
not extrude eggs and mate were found to resorb their eggs in the ovaries over a period of several months.
One traw! haul captured 651 post-molt females and nine male red king crab during the period April to
May 1968. Seventy-six percent of the 651 females were not carrying eggs. Ten females were collected
that were carrying eggs and had firm post-molt shells. The eggs were sampled 8 and 10 days after capture
and were examined microscopically. All eggs examined were found to be infertile. This indicates that all
ten females had extruded and held egg clutches without mating. Eggs of females sampled in October of
1968 appear to have been all fertile from a table of results in McMullen and Yoshihara(1969), however
the results are not discussed in the text, so this is unclear. This may mean that extruded eggs that are
unfertilized are lost between May and October.
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Discard mortality

Discard mortality was assumed to be 50% for this assessment. The fishery for snow crabs occurs in
winter when low temperatures and wind may result in freezing of crabs on deck before they are returned
to the sea. Short term mortality may occur due to exposure, which has been demonstrated in laboratory
experiments by Zhou and Kruse (1998) and Shirley (1998), where 100% mortality occurred under
temperature and wind conditions that may occur in the fishery. Even if damage did not result in short
term mortality, immature crabs that are discarded may experience mortality during molting some time
later in their life.

RESULTS

The total mature biomass increased from about 961 million Ibs in 1978 to the peak biomass of 1,580
million Ibs in 1990. Biomass declined sharply after 1997 to about 348 million Ibs in 2002, then increased
to 556 million Ibs in 2008 (Table 3 and Figure 2). The model is constrained by the population dynamics
structure, including natural mortality, the growth and selectivity parameters and the fishery catches. The
low observed survey abundance in the mid-1980’s were followed by an abrupt increase in the survey
abundance of animals in 1987, which followed through the population and resulted in the highest catches
recorded in the early 1990’s.

Average discard catch mortality for 1978 to 2008 was estimated to be about 16.7% of the retained catch
(with 50% mortality applied), similar to the average observed discards from 1992 to 2008 (15.5%) (Table
1 and Figure 31). Parameter estimates for the 50% discard mortality model are in Table 7. During the
last five years (2004 to 2008 fishery seasons) model estimates of discard mortality averaged 15% of the
retained catch. Estimates of observed discard mortality ranged from 6% of the retained catch to 32% of
the retained catch (assuming 50% discard mortality). In the 2007/8 observed fishery discard mortality
was similar to past years at about 15% of the retained catch.

Mature male and female biomass show similar trends (Table 3, Figures 32 and 34). Mature male biomass
increased from 263 million Ibs in 2006 to 330 million Ibs in 2007, then continued to increase to 369
million Ibs in 2008 (adjusted by survey selectivity). Observed survey mature male biomass increased
from 331 million Ibs (2006) to 385 million Ibs (2007), then declined to 306 million Ibs in 2008. Model
estimates of mature female biomass increased from 180 million Ibs in 2006 to 192 million Ibs in 2007,
then declined to 187 million Ibs in 2008. Mature female biomass observed from the survey increased
from 189 million Ibs in 2006 to 223 million Ibs in 2007, then declined to 204 million Ibs in 2008.
Estimated biomass was lower in this assessment than in the 2007 assessment (Turnock and Rugolo 2007)
due to the change in estimated survey selectivities, which resulted from the changes in fishery selectivity,
growth and recruitment distribution (Figures 33 and 35).

Fishery selectivities and retention curves were estimated using ascending logistic curves (Figures 23 and
36). Selectivities for trawl bycatch were estimated as ascending logistic curves (Figure 37). Plots of
model fits to the survey size frequency data are presented in Figures 38 and 40 by sex for shell conditions
combined with residual plots in Figures 39 and 41. The model is not fit to crab by shell condition due to
the inaccuracy of shell condition as a measure of shell age. Tagging results presented earlier indicate that
the number of animals that are more than one year from molting may be underestimated by using shell
condition as a proxy for shell age. However, an accurate measure of shell age is needed to improve the
estimation of the composition of the catch that is extracted from the stock.

Differences between the observed and predicted survey length frequencies could be a result of spatial
differences in growth due to temperature, or size at maturity. These would need to be investigated using a
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spatial model. Changing growth or maturity over time simply to fit the length frequency data was not
recommended by the 2008 CIE reviewers. There also could be changes in survey catchability by area or
between years that could contribute to the inconsistency in growth indicated by the observed survey
length frequency data.

Survey selectivities for the period 1978 to 1981 were estimated at about 95% at 30 mm (Figure 24 and
Table 9). Survey selectivities for the period 1982 to 1988 were estimated at 50% at about 43 mm and
95% at 69 mm. Survey selectivities for the period 1989 to the present were estimated at 50% at about 34
mm and 95% at 45 mm. These selectivities were the best fit determined by the model. An underbag
experiment estimated survey selectivity of 50% at 78 mm and a maximum of about 89% at 135 mm
(Somerton and Otto 1998) with the survey net in use since 1982. The survey selectivities are multiplied
by the population numbers by length to estimate survey numbers for fitting to the survey data.

The estimated number of males > 101mm generally follows the observed survey abundance estimates
(Figure 42). The observed survey estimate of males greater than 101 mm increased from about 69 million
in 2005 to 135 million in 2006, 151 million in 2007, the decreased to 117 million in 2008. The
estimated 95% confidence interval for the observed survey large males in 2007 was +/-40% of the
estimate. Model estimates of large males were about 96 million crab in 2006, 132 million crab in 2007
and 155 million crab in 2008.

Two main periods of high recruitment were estimated by the model, in 1981 (fertilization year) and in
1987-1988 (Figure 43). Recruits are 25mm to about 40 mm and may be about 4 years from hatching, 5
years from fertilization (Figure 44, although age is approximated). Low recruitments were estimated
from 1990 to 1996 and in 2000 to 2002. The 1998-1999 year classes appear to be about average
recruitment that has resulted in an increase in biomass in recent years. The estimated recruitments lagged
by 5 years (approximate fertilization year) from the model are close to the higher survey estimates of
abundance of females with eggs and abundance of females with eggs multiplied by the fraction full clutch
from 1975 to 1988 (Figure 45). Recruitment was low from 1990 to 1996, showing little relationship to
the reproductive index. Exploitation rates were generally higher in 1986 to 1994, and in 1998-99 than
prior to 1986 (Figure 4).

The size at 50% selected for the pot fishery for total catch (retained plus discarded) was 103.9 mm for
males (shell condition combined, Figure 23). The size at 50% selected for the retained catch was 105.6
mm. The fishery generally targets new shell animals > 101mm with clean hard shells and all legs intact.
The fits to the fishery size frequencies are in Figures 46 through 48. Fits to the trawl fishery bycatch size
frequency data are in Figures 49 and 50.

Fishing mortality rates ranged from about 0.19 to 1.85 (Figure 51). Fishing mortality rates were 0.53 to
1.85, for the 1986 to 2003 fishery seasons. Full selection fishing mortality was estimated at 0.32 for
2005, 0.53 for the 2006 and 0.49 for 2007, and 0.66 for 2008 (year fishery occurred).

Likelihood components included fits to the catch and survey length frequencies, catch and survey biomass
values, recruitment constraint, constraint on fishing mortality values and fits and constraints on the
estimation of the first year abundance by length (Table 8).
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Harvest Strategy and Projected Catch

Current Harvest Strategy

Harvest strategy simulations are reported by Zheng et al. (2002) based on a model with structure and
parameter values different than the model presented here. The harvest strategy by Zheng et al. (2002)
was developed for use with survey biomass estimates and was applied to survey biomass estimates to
calculate the 2007/2008 fishery season retained catch of 63 million Ibs. Prior to the passage of
Amendment 24, Bmsy was defined as the average total mature survey biomass for 1983 to 1997. MSST
was defined as %2 Bmsy. The harvest strategy consists of a threshold for opening the fishery (230.4
million Ibs of total mature biomass(TMB), 0.25*Bmsy), a minimum GHL of 15 million Ibs for opening
the fishery, and rules for computing the GHL.

In previous years, the MSY biomass (Busy = 921.6 million pounds TMB) and overfishing rate (Fysy
=M=0.3, the exploitation rate to apply to current mature male biomass (MMB)), was determined as a
function of TMB as,

0.75*Fmsy*rlvIB }

Bmsy -
1-a)

E=

for TMB > 0.25*Bmsy and TMB<Bmsy, where « =-0.35, and,
e E = (Fmsy *0.75) = 0.225, for TMB > Bmsy, and E = 0 for TMB < 0.25*Bmsy.

The maximum for a GHL s is determined by using the E determined from the control rule as an
exploitation rate on mature male biomass at the time of the survey,

e GHL = EsMMB.

There is a 58% maximum harvest rate on exploited legal male abundance. Exploited legal male
abundance is defined as the estimated abundance of all new shell legal males >=4.0-in (102 mm) CW plus
a percentage of the estimated abundance of old shell legal males >=4.0-in CW. The percentage to be used
is determined using fishery selectivities for old shell males.

Overfishing Control Rule
Amendment 24 to the FMP introduced revised the definitions for overfishing. The information provided

in this assessment is sufficient to estimate overfishing based on Tier 3b. The overfishing control rule for
tier 3b is based on spawning biomass per recruit reference points (EA 2007) (Figure 54).

F35%*[

MMB
-

B35% }

(1-a)

a =0.1. F on the directed fishery is set to zero when mature male biomass is below 25% of B35%
(Figure 54). MMB is mature male biomass at the time of mating. Biomass and catch projections based
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on F35% and B35% were used to estimate the catch OFL (Table 6). Projections with F40% and B40%
were used to evaluate the effect of a reduced catch on rebuilding probabilities and to provide catch
projections with a buffer below the OFL to reduce the probability of overfishing, given uncertainty in
current biomass and reference points. F35% was estimated at 0.707, lower than the value from the 2007
assessment (F35%=0.99, Turnock and Rugolo 2007) due to the change in fishery selectivities from
combining shell condition. B35% was estimated at 317.7 million Ibs, also lower than estimated in 2007
(355 million Ibs) due to the changes in growth, recruitment distribution, fishery selectivities and the
resulting change in estimated survey selectivity. F40% was estimated at 0.56 and B40% at 363.0 million
Ibs.

B40% and B35% were estimated using average recruitment from1978 to 2008 and spawning biomass per
recruit for males fishing at F40% or F35% respectively.

A measure of productivity can be estimated from the natural log of the ratio of recruitment to mature male
biomass (Figures 57 and 58). The period from 1978 to 1988(fertilization year) has the highest
productivity and 1989 to 2002 the lowest. The most recent period since 1997 has an average productivity
that is higher than 1989 -1996 and is near the average for the whole time period (1978-2002).

Estimated fishing mortality from 1979 fishing season to 2008 have been above the F35% control rule
except for six years (1979, 1984-1985, 1996-97, 2005) (Figure 54). The target F historically (pre-2000
fishery season) was about 1.1 which was exceeded in many years. The last three fishery seasons (2006-
2008) F was estimated at 0.52, 0.49 and 0.66 all above the F35% control rule. The F in 2008 was above
the F35% control rule in part due to a lower estimated abundance of large males and mature male biomass
than the observed survey and the 2007 model estimates of abundance and biomass.

The total catch, including all bycatch of both sexes, using the control rule is estimated by the following
equation,

catch :z Z (1_ e_(F*SEIsJ +Ftraw|*59|mw|,|))WS‘I N . e—Ms*.GZ
S |

Where Ns, is the 2008 numbers at length(l) and sex at the time of the survey estimated from the
population dynamics model, M; is natural mortality by sex, 0.62 is the time elapsed (in years) from when
the survey occurs to the fishery, F is the value estimated from the harvest control rule using the 2008
mature male biomass projected forward to the time of mating time (spring 2009), and ws, is weight at
length by sex. Sels, are the fishery selectivities by length and sex for the total catch (retained plus
discard) estimated from the population dynamics model (Figure 23).

Harvest recommendations

Fishing mortality, biomass values and total catches were projected for the 2008/9 to 2013/14 fishery
seasons (Table 6). The MMB in spring 2009 was estimated to be 251 million Ibs, about 79% of B35% if
a retained catch of 64.7 million Ib is taken. The MMB in spring 2009/10 is estimated to be 256 million
Ibs, about 81% of B35%. The OFL using F35% total catch for 2008/9 was estimated at 77.3 million Ibs
(with a retained catch of 64.7 million Ibs). The 2008/9 F40% total catch was estimated at 59.7 million
Ibs, with a retained catch of 49.7 million Ibs. Total catch includes retained directed pot fishery, discard
pot fishery (with 50% mortality of discards) and trawl bycatch (80% mortality).

Catch and biomass projections using the model with maturity estimated were slightly lower, however,
very similar to the base model (Table 8). Fishing mortality reference points were higher, however,
fishery selectivities were estimated lower, due to the changes in sizes at terminal molt in the population.
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Computing the catch based on the total survey area may result in exploitation rates higher than the target
rate on crabs in the southern area of the distribution. One solution would be to split the catch into two
regions, north and south, according to the percent distribution of the survey estimate of large males or
mature males from those regions. This would require knowing the location of catch inseason. Two other
approaches would not require knowledge on inseason catch location. One approach would be to compute
the catch from that portion of the stock where most of the catch is extracted. Another approach would be
to compute a catch that would result in the target harvest rate for the southern portion of the stock and
increase that catch according to the percent catch in the north.

Projections and Rebuilding Scenarios

Projections and rebuilding trajectories were estimated using simulation with F35% and F40% harvest
control rules and lognormally distributed, autocorrelated recruitment from a Beverton-Holt spawner
recruit curve (steepness= 0.68, R0=2.0 billion, cv recruitment =0.86, autocorrelation = 0.6). The
rebuilding plan developed for snow crab projected a 50% probability of rebuilding by 2010. The
probability of rebuilding to the total survey biomass Bmsy of 921.6 million Ibs is 0% in 2010, fishing at
F35% or F40% (Table 6). The year of rebuilding to total survey biomass with fishing at the F40% control
rule was estimated at 2020.

Under tier 3 management, the probability of rebuilding to B35% in 2010 is 0.2%, fishing at F35%, and
5.3% fishing at F40%. Rebuilding to B35% using mature male biomass at mating time and fishing at
FA40% was estimated at 50% for the year 2015/16.

Biomass is expected to be slightly higher in 2009/10 to 2010/11, then decrease due to recent lower
recruitment estimates and using autocorrelation to generate future recruitments in the projections. There
is a high degree of uncertainty in future biomass and catch projections, and the projected OFLs and
biomass may change when the next survey biomass is added to the model. The probability of rebuilding
by 2010 is dependent on recruits estimated by the model and the trend in biomass in the last few years of
the survey, while projections in later years will depend on the method of generating future recruitments.
The use of random recruitment will result in a higher probability of rebuilding the stock relative to using a
spawner recruit curve and autocorrelated recruitment as used in the projections presented here. The trends
in future biomass will depend on realized catches and future recruitment and may change in future
assessments as more data on the strength of the recent recruitments is obtained

The probability of rebuilding in the first few years of the projection depends on the variance on biomass
used in the projections (cv=0.15). In later years, as recruitments enter the mature stock, then most
variability is due to variability in recruitment. The use of random recruitment will result in a higher
probability of rebuilding the stock relative to using a spawner recruit curve and autocorrelated recruitment
as used in the projections presented here.

The model and observed biomass estimates are below the expected trends in biomass from the snow crab
rebuilding plan for 2002 to 2008, due partly to the decrease in observed survey biomass in 2008 (Figures
55 and 56). Catches in the early years of the rebuilding period (2001 to 2006) exceeded the expected
catches due to higher realized biomass and to a change in the minimum GHL that kept the snow crab
fishery open. Projected catches estimated from the F35% and F40% control rule are lower than the
expected values from the rebuilding. Future survey data and realized catches will result in changes to
projected values.
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Conservation concerns

e The Bering Sea snow crab survey estimates of total mature biomass in 2008 were 55% of the
survey Bmsy (921.6 million Ibs), down from the 2007 survey biomass. The probability of
rebuilding to total survey mature biomass Bmsy by 2010 is low under the F35% and F40%
control rules.

e Moderate recruitment is estimated in 1998-1999 fertilization year, however, in general
recruitment has been at low levels in the last 10 years (since 1994). The stock is projected to be
relatively flat, then decline.

e Discard mortality has been assumed to be 50%, however there is a high level of uncertainty in
this parameter. While sensitivity studies have shown only small differences in long term catch
and biomass with different assumptions on discard mortality, higher discard mortality would
necessitate lower retained catches in the short term.

e Exploitation rates in the southern portion of the range of snow crab may have been higher than
target rates, possibly contributing to the shift in distribution to less productive waters in the north.

Research Needs

Research is needed to improve our knowledge of snow crab life history and population dynamics to
reduce uncertainty in the estimation of current stock size, stock status and optimum harvest rates.

Tagging programs need to be initiated to estimate longevity and migrations. Studies and analyses are
needed to estimate natural mortality. Additional sampling of crabs that are close to molting is needed to
estimate growth for immature males and females.

A method of verifying shell age is needed for all crab species. A study was conducted using lipofuscin to
age crabs, however verification of the method is needed. Radiometric aging of shells of mature crabs is
costly and time consuming. Aging methods will provide information to assess the accuracy of assumed
ages from assigned shell conditions (i.e. new, old, very old, etc), which have not been verified, except
with the 21 radiometric ages reported here from Orensanz (unpub data).

Techniques for determining which males are effective at mating and how many females they can
successfully mate with in a mating season are needed to estimate population dynamics and optimum
harvest rates. At the present time it is assumed that when males reach morphometric maturity they stop
growing and they are effective at mating. Field studies are needed to determine how morphometric
maturity corresponds to male effectiveness in mating. In addition the uncertainty associated with the
determination of morphometric maturity (the measurement of chelae height and the discriminate analysis
to separate crabs into mature and immature) needs to be analyzed and incorporated into the determination
of the maturity by length for male snow crab.

The experiment to estimate catchability of the survey trawl net needs to be repeated with larger sample
sizes to allow the estimation of catchability by length, sex and shell condition for snow crab (and Tanner
crab). This is needed to determine if the number of mature old shell crabs in the observed survey (which
are lower than expected in the model) are due to mortality (fishery discard or natural mortality) or due to
lower catchability in the trawl survey.
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Female opilio in waters less than 1.5 deg C and colder have been determined to be biennial spawners in
the Bering Sea. Future recruitment may be affected by the fraction of biennial spawning females in the
population as well as the estimated fecundity of females, which may depend on water temperature.

A female reproductive index needs to be developed that incorporates males, mating ratios, fecundity,
sperm reserves, biennial spawning and spatial aspects.

Analysis needs to be conducted to determine a method of accounting for the spatial distribution of the
catch and abundance in computing quotas.

A full management strategy evaluation of the snow crab model has been funded by NPRB for the period
2008-2010.
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Table 1. Catch (1,000s of Ibs) for the snow crab pot fishery and groundfish trawl bycatch.
Retained catch for 1973 to 1981 contain Japanese directed fishing. Observed discarded catch is
the total estimate of discards before applying mortality. Discards from 1992 to 2007/8 were
estimated from observer data. Model estimates of male discard include a 50% mortality of
discarded crab.
Year|Retained |Observed |Observed |Model Discard |Model Year of trawl
fishery|catch(1,00 |Discard Retained + |estimate of |[female |estimate |trawl bycatch
occurred|0s of Ibs) |male catch |discard male|male catch [total bycatch
catch discard directed
catch
1973 6,711 1973 30,046
1974 5,033 1974| 41,582
1975 8,250 1975| 16,096
1976 10,050 1976| 6,975
1977| 16,284 1977| 4,722
1978-79 52,272 12,711 73 65,056 1978| 5,422
1979-80| 75,025 11,988 91| 87,104 1979 4,357
1980-81| 66,933 15,352 81 82,366 1980, 3,170
1982 29,355 11,392 46| 40,793 1981 1,323
1983 26,128 6,142 62| 32,332 1982 538
1984/ 26,813 3,289 44| 30,146 1983 693
1985 65,999 7,278 43| 73,3320 1984 737
1986 97,984 14,930 44| 112,958 1985 632
1987 101,903 24,072 96| 126,071 1986| 2,716
1988 135,355 34,065  139| 169,559 1987 8
1989 149,456 40,910 148/ 190,514 1988 974
1990, 161,821 46,669  192| 208,682 1989 1,131
1991 328,647 73,657|  204| 402,508 1990 865
1992| 315,302 96,214 411,516 53,970/  234| 369,506 1991 9,578
1993| 230,787| 124,865 355,652| 41,689 481 272,957 1992| 4,669
1994| 149,776 38,922| 188,698 28,458|  321| 178,555 1993| 3,010
1995 75,253 29,436 104,689 19,698 232 95,183 1994 3,393
1996|  65713|  42,104| 107,817 18,216 63 83,992 1995 1,844
1997| 119,543 54,391| 173,934  23,462|  277| 143,282 1996| 2,074
1998| 243,342|  41,982| 285324| 36,701 22| 280,065 1997| 2,906
1999| 194,000 34,158| 228,158 30,716 26| 224,742 1998| 2,159
2000{ 33,500 3,790 37,290 5,416 2 38,918 1999 796
2001 25256 4,537 29,793 4,138 2 29,396 2000 889
2002 32,722 13,824 46,546 7,280 17 40,019 2001 635
2003 28,307 9,938 38,245 6,837 3 35,147 2002 384
2004| 23,942 4,196 28,138 4,011 6 27,959 2003 289
2005 24,892 3,716 28,608 3,012 3 27,907 2004 740
2005/2006| 36,974 9,965 46,939 5,311 12| 42,297 2005 1,378
2006/2007| 36,356 12,995 49,351 7,040 5| 43,401 2006 385
2007/2008| 63,000 18,560 78,560 13,408 66 76,364 2007 702
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Table 2. Observed survey female, male and total spawning biomass(millions of Ibs) and
numbers of males > 101mm (millions of crab).

Year Observed |Observed |Observed |Observed
survey survey survey number of
female male total males >
mature mature mature 101mm
biomass |biomass |biomass |(millions)

1978 336.6 424.9 761.5 163.4
1979 712.2 528.7 1,240.9 169.1
1980 894.8 385.1 1,279.9 109.0
1981 480.2 262.1 742.3 45.4
1982 507.0 403.0 910.1 65.0
1983 316.6 355.3 671.9 71.5
1984 145.2 387.5 532.6 154.2
1985 21.2 167.2 188.4 78.2
1986 55.8 200.9 256.7 80.0
1987 448.4 462.2 910.6 141.9
1988 556.1 538.8 1,094.9 167.3
1989  1,006.2 712.3 11,7184 175.4
1990 649.6 905.4 1,555.0 407.2
1991 793.0 981.8 1,774.8 466.6
1992 463.9 574.8 1,038.8 251.4
1993 505.0 545.3 1,050.3 140.8
1994 473.6 379.4 853.0 80.3
1995 622.0 507.8 1,129.8 69.0
1996 435.0 7449 1,179.9 170.1
1997 387.6 663.5 1,051.2 308.5
1998 285.4 529.3 814.7 244.0
1999 1135 216.6 330.1 92.2
2000 374.7 227.1 601.8 75.6
2001 318.4 339.2 657.5 79.4
2002 120.5 232.8 353.3 735
2003 130.2 197.8 328.0 64.6
2004 194.3 196.6 390.9 65.8
2005 256.7 294.8 551.4 68.9
2006 188.9 330.5 519.5 135.3
2007 222.6 385.2 607.8 150.8
2008 203.5 305.9 509.4 117
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Table 3. Model estimates of population biomass, population numbers, male, female and
total mature biomass(million Ibs) and number of males greater than 101 mm in millions.
Recruits enter the population at the beginning of the survey year after molting occurs.

Year Male Ratio
mature mature
biomass at |females to

Biomass |numbers Number of [Recruitment |mating mature
(million |(million |[female |Male total males (millions, 25 [time(Feb  |males at
Ibs crabs mature |mature |mature  [>10lmm |mmto50 |of survey |mating
25mm+) [25mm+) |biomass |biomass |biomass |(millions) |mm) year+1) time
1978 1,361 7,924 479 482 961 100}* 340 2.9
1979 1,324 6,764 567 458 1,025 121 640 289 4.1
1980 1,199 5,732 594 350 945 80 571 210 5.3
1981 1,076 4,863 541 281 822 51 529 197 5.1
19821 1,036 4,581 449 341 790 99 891 253 4.0
1983 1,063 5,364 378 408 786 153 1,863 309 3.2
1984/ 1,108 5,712 355 421 775 163 1,568 269 3.2
1985 1,174 6,435 356 384 740 138 2,047 219 35
1986 1,501 11,330 374 370 744 120 6,400 207 3.6
1987 1,824/ 11,307 501 441 943 149 2,511 242 3.9
1988 2,088 10,381 606 538 1,145 180 1,672 289 3.8
1989 2,246 8,692 629 703 1,332 236 779 416 3.1
1990, 2,270 7,065 570, 1,009 1,580 412 527 482 2.6
1991 1,920 6,551 483 978 1,461 415 1,467 458 24
1992 1,584 7,520 421 733 1,154 281 2,779 369 2.6
1993 1,416 7,652 422 522 944 172 2,018 288 3.0
1994 1,377 6,730 444 419 863 114 907 277 3.1
1995 1,412 5,311 434 487 921 148 165 350 2.8
1996 1,416 4,228 379 660 1,039 254 195 438 2.2
1997 1,255 3,340 307 728 1,036 310 202 362 2.1
1998 882 2,822 243 515 758 201 479 236 2.3
1999 601 2,709 201 288 489 86 710 213 2.2
2000 541 2,374 181 240 421 69 301 172 2.3
2001 508 2,095 164 212 376 60 279 145 24
2002 499 2,247 146 203 348 61 658 144 2.3
2003 536 2,847 136 221 358 79 1,128 166 2.1
2004 598 3,282 148 236 383 90 1,076 177 2.2
2005 655 3,161 170 240 410 89 612 167 25
2006 738 3,617 180 263 443 96 1,183 188 24
2007 792 3,067 192 330 522 132 275 218 2.3
2008 789 2,819 187 369 556 155 493 200

* Numbers by length estimated in the first year, so recruitment estimates start in second
year.
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Table 4. Radiometric ages for male crabs for shell conditions 1 through 5. Data
from Orensanz (unpub).

Radiometric
age
Shell sample
Condition description size Mean minimum maximum
1| soft 6 0.15 0.05 0.25
2 | new 6 0.69 0.33 1.07
3| old 3 1.02 0.92 1.1
4 | very old 3 5.31 4.43 6.6
5 | very very old 3 4.59 2.7 6.85

Table 5. Natural mortality estimates for Hoenig (1983) and the 5% rule given the
oldest observed age.

oldest observed

Natural Mortality

age empirical
10
15
17
20
NPFMCCrab Plan TeamSAFE

Hoenig (1983)

5% rule
0.42 0.3
0.28 0.2
0.25 0.18
0.21 0.15
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Table 6. Projections using F35% and F40% rules for 2008/9 to 2013/2014 fishery seasons. Mature male biomass is
at time of mating (millions of Ibs). Large male biomass (>101mm) is at the beginning of the fishery. Survey total
mature biomass is at the time of the survey (millions of Ibs). Probability of rebuilding was estimated using total
survey mature biomass with a target of 921.6 million Ibs and for mature male biomass at the time of mating using
B35% (317.7 million Ibs). F35% = 0.707, F40%-= 0.56, B40%= 363.0 million Ibs. Total catch includes retained pot
fishery catch (males), discard pot fishery catch (with 50% mortality)(males and females) and trawl bycatch (with

80% mortality) (males and females).

Page29

Retain Male Exp. Rate
Lowe ed Biomass Prob. of for total
r Upper | catch Maxim | Mature (>101mm rebuildin | Prob. catch on
95% 95% um F male ) at Total gto of MMB at
C.I C.I (full biomass at | beginnin survey Bmsy rebuild | time of
Total total total selecti | mating g of mature (921.6 ing to fishery
F35% catch catch | catch on) time Fishery biomass mill Ibs) B35%
Year
2008/9 | 77.3 60.2 93.4 64.7 0.55 251.1 175.2 555.5 0.000 0.000 0.24
2009/10 | 81.9 54.6 116.6 | 69.1 0.57 255.9 183.0 553.4 0.000 0.000 0.24
2010/11 | 79.7 52.8 109.9 | 674 0.56 253.1 181.4 547.6 0.000 0.002 0.24
2011/12 | 67.5 44.6 96.0 57.6 0.52 239.3 166.2 533.8 0.001 0.002 0.22
2012/13
57.9 34.5 90.6 47.8 0.49 230.1 142.3 528.8 0.005 0.011 0.20
2013/14 | 71.2 31.9 151.6 | 58.0 0.52 251.1 159.2 578.9 0.041 0.104 0.22
Retained Exp.
catch Rate
for
total
catch
Male on
Lower Upper Mature Biomass Prob. of MMB
95% 95% male (>101mm) Total rebuilding at
C.L C.l Maximum | biomass at survey to Bmsy Prob. of time
Total | total total F (Full at mating | beginning  mature (921.6 rebuilding | of
F40% catch | catch catch selection) | time of Fishery  biomass mill Ibs) to B35% fishery
Year
2008/9 | 59.7 45.3 73.6 49.7 0.40 266.9 175.2 555.5 0.000 0.000 0.18
2009/10 | 69.8 44.5 102.0 58.9 0.43 281.6 195.5 570.8 0.000 0.007 0.20
2010/11 | 70.9 46.3 99.6 60.2 0.43 283.3 199.9 573.7 0.000 0.053 0.20
2011/12 | 61.7 39.8 88.4 52.8 0.40 270.2 187.0 563.7 0.001 0.059 0.19
2012/13 | 53.3 31.8 84.4 44.4 0.38 259.5 162.7 558.5 0.007 0.091 0.17
2013/14 | 64.2 28.7 136.3 52.7 0.41 281.3 178.5 607.5 0.044 0.240 0.19
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Table 7. Parameters values for the model, excluding recruitments and fishing mortality
parameters.

Natural Mortality immature both sexes and mature males 0.23
Natural Mortality mature females 0.29
Female intercept (a) growth 6.773
Male intercept(a) growth 6.773
Female slope(b) growth 1.05
Male slope (b) growth 1.16
Alpha for gamma distribution of recruits 115
Beta for gamma distribution of recruits 4.0
Beta for gamma distribution female growth 0.75
Beta for gamma distribution male growth 0.75

0.166

Fishery selectivity total males slope

103.9
Fishery selectivity total males length at 50%
0.2535
Fishery selectivity retention curve males slope
97.772
Fishery selectivity retention curve males length at 50%
0.305
Pot Fishery discard selectivity female slope
70.619
Pot Fishery discard selectivity female length at 50%
0.0676
Trawl Fishery selectivity slope
120.0
Trawl Fishery selectivity length at 50%
Survey Q 1978-1981 1.0
Survey 1978-1981 length at 95% selected 48.35
Survey 1978-1981 length at 50% selected 28.25
Survey Q 1982-1988 0.953
Survey 1982-1988 length at 95% selected 68.02
Survey 1982-1988 length at 50% selected 43.15
Survey Q 1989-present 1.0
Survey 1989-present, length at 95% selected 43.67
Survey 1989-present length at 50% selected 33.14
0.00104
Fishery cpue g
NPFMCCrab Plan TeamSAFE
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Table 8. Likelihood values by component for the snow crab assessment model.
Likelihood Component Likelihood value
recruitment 22.1
fishery length retained -1795.4
fishery length total 761.4
fishery length female 122.3
length survey 4560.3
length trawl bycatch 216.7
Fishing mortality penalty 517.6
total catch biomass 41.7
retained catch biomass 37.5
female discard biomass 0.1
trawl bycatch 111.8
survey biomass 1467.8
initial year abundance by
length 4.4
initial year abundance by
length smooth constraint 71.0
total 6139.1
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Figure 1. Catch (million Ibs) from the directed snow crab pot fishery and groundfish trawl
bycatch. Total catch is retained catch plus discarded catch after 50% discard mortality was
applied. Trawl bycatch is male and female bycatch from groundfish trawl fisheries with 80%
mortality applied.
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Figure 2. Population total mature biomass (millions of pounds, solid line), model
estimate of survey mature biomass (dotted line) and observed survey mature
biomass with approximate lognormal 95% confidence intervals.
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Figure 3. Standardized residuals for model fit to total mature biomass from Figure 2.
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Figure 4. Exploitation rate estimated as the preseason GHL divided by the survey estimate of
large male biomass (>101 mm) at the time the survey occurs (dotted line). The solid line is the
retained catch divided by the survey estimate of large male biomass at the time the fishery

occurs. Year is the survey year.
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Figure 5. Exploitation fraction estimated as the catch biomass (total or retained) divided by the
mature male biomass from the model at the time of the fishery (solid line and dotted line). The
exploitation rate for total catch divided by the male biomass greater than 101 mm is the solid line
with dots. Year is the year of the fishery.
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Figure 6. Observed survey numbers (1000’s of crab) by carapace width and year for male snow crab.
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Figure 7. Observed survey numbers (1000’s of crab) by carapace width and year for female snow crab.
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Figure 8. Observed survey numbers by length, males circles, females solid line.
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Figure 9. Observed survey numbers by length, males circles, females solid line.
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Figure 10. 2003 pot fishery retained catch in numbers by statistical area.
Longitude in negative degrees. Areas are 1 degree longitude by 0.5 degree

latitude.
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Figure 11. 2004 pot fishery retained catch in numbers by statistical area.
Longitude in negative degrees. Areas are 1 degree longitude by 0.5 degree

latitude.
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Figure 12. 2007 (2006 survey year) pot fishery retained catch(million Ibs) by
statistical area. Longitude increases from west to east (190 degrees = 170 degrees
W longitude). Areas are 1 degree longitude by 0.5 degree latitude.
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Figure 13. 2004 Survey abundance of males > 79 mm (approximately mature abundance) by tow.
Abundance is proportional to the area of the circle.
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Figure 14. 2004 Survey abundance of females > 49 mm (approximately mature abundance) by tow. Abundance is
proportional to the area of the circle.
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Figure 15. 2005 Survey abundance of females > 49 mm (approximately mature abundance) by tow. Abundance is

proportional to the area of the circle (not on the same scale as male abundance in Figure 54). Includes stations to the
north of the standard survey area.
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Figure 16. 2005 Survey abundance of males > 79 mm (approximately mature abundance) by tow.
Abundance is proportional to the area of the circle (not on same scale as female abundance in Figure 53).
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Figure 17. 2005 Survey abundance of males > 101 mm by tow. Abundance is proportional to the area of the circle.
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Figure 18. 2007 Survey abundance of males > 101 mm by tow. Abundance is in millions of crab.
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Figure 18b. 2008 Survey abundance of males > 101 mm by tow. Abundance is in millions of crab.
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Figure 19. Centroids of abundance of mature female snow crabs (shell condition
2+) in blue circles and mature males (shell condition 3+) in red stars. Reprinted
from Orensanz, Armstong and Ernst (in press).
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Figure 20. Centroids abundance (numbers) of snow crab males > 101 mm from the
summer NMFS trawl survey (red) and from the winter fishery (blue-green), from
Orensanz, Armstong and Ernst (in press).

Page47

NPFMCCrab Plan TeamSAFE



2008 CRABSAFE

9/19/2008 48 DRAFT

1.2

—e— Juvenile Females

1 —=8— Mature Females A
—&— Males

0.8

0.6

0.4

0.2

0 |
O 20 40 60 80 100 120 140

Figur
e 21. Weight (kg) — size (mm) relationship for male, juvenile female and mature female
snow crab.
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Figure 22. Probability of maturing by size for male and female snow crab (not the average
fraction mature).
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Figure 23. Selectivity curve for total catch (discard plus retained, solid line) and
retained catch (dotted line) for combined shell condition male snow crab.
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Figure 24. Survey selectivity curves for female and male snow crab

estimated by the model for 1978-1981(solid line with circles), for 1982 to 1988
(solid line with diamonds), and 1989 to present (solid line with pluses). Survey
selectivities estimated by Somerton and Otto (1998) are the solid line with
triangles.
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Figure 25. Growth increment as a function of premolt size for male snow crab. Points labeled Bering sea observed
are observed growth increments from Rugolo (unpub data). The line labeled Bering sea pred is the predicted line
from the Bering sea observed growth, which is used as a prior for the growth parameters estimated in the model.
The line labeled Canadian is estimated from Atlantic snow crab (Sainte-Marie data). The line labeled Otto(1998)
was estimated from tagging data from Atlantic snow crab less than 67 mm, from a different area from Sainte-Marie

data.
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Figure 25. Growth(mm) for male(dotted line) and female snow crab (solid line) estimated from

the model. Circles are the observed growth curve.
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Figure 26. Clutch fullness for Bering sea snow crab survey data by shell condition for 1978 to 2008.
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Figure 27. Proportion of barren females by shell condition from survey data 1978 to 2008.
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Figure 28. Fraction of barren females in the 2004 survey by shell condition and
area north of 58.5 deg N and south of 58.5 deg N.
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Figure 29. Fraction of barren females in the 2003 survey by shell condition and
area north of 58.5 deg N and south of 58.5 deg N. The number of new shell mature
females south of 58.5 deg N was very small in 2003.
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Figure 30. Centroids of cold pool (<2.0 deg C) from 1982 to 2006. Centroids are average
latitude and longitude.
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Figure 31. Estimated total catch(discard + retained) (solid line), observed total catch (solid line
with circles) (assuming 50% mortality of discarded crab) and observed retained catch (dotted
line) for 1979 to 2008 fishery seasons.
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Figure 32. Population female mature biomass (millions of pounds, solid line),
model estimate of survey female mature biomass (dotted line) and observed survey
female mature biomass with approximate lognormal 95% confidence intervals.
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Figure 33. Population female mature biomass from the 2007 assessment and this
assessment.
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Figure 34. Population male mature biomass (millions of pounds, solid line),
model estimate of survey male mature biomass (dotted line) and observed survey
male mature biomass with approximate lognormal 95% confidence intervals.
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Figure 35. Population male mature biomass from the 2007 assessment and this
assessment.
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Figure 36. Model estimated fraction of the total catch that is retained by size for
male snow crab combined shell condition.

T T T T T
40 60 80 100 120

Carapace width(mm)

Figure 37. Selectivity curve estimated by the model for bycatch in the groundfish
trawl fishery for females and males.
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Figure 38. Model fit to the survey female size frequency data. Circles are
observed survey data. Solid line is the model fit.
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Figure 39. Residuals of fit to survey female size frequency. Filled circles are
negative residuals.
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Figure 40. Model fit to the survey male size frequency data. Circles are observed
survey data. Solid line is the model fit.
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Figure 41.
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Residuals for fit to survey male size frequency. . Filled circles are negative residuals
(predicted higher than observed).
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Figure 42. Observed survey numbers of males >101mm (circles), model estimates
of the population number of males >101mm(solid line) and model estimates of
survey numbers of males >101 mm (dotted line).
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Figure 43. Recruitment to the model for crab 25 mm to 50 mm. Total recruitment
Is 2 times recruitment. Male and female recruitment fixed to be equal.
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Figure 44. Distribution of recruits to length bins estimated by the model.
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Figure 45. Model estimates of recruitment (fertilization year), survey abundance

of females with eggs, and abundance of females with eggs multiplied by the

fraction of full clutch from 1975 to 2007.
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Figure 46. Model fit to the retained male size frequency data, shell condition
combined. Solid line is the model fit. Circles are observed data. Year is the survey
year.
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Figure 47. Model fit to the total (discard plus retained) male size frequency data,
shell condition combined. Solid line is the model fit. Circles are observed data.

Year is the survey year.
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Figure 48. Model fit to the discard female size frequency data. Solid line is the
model fit. Circles are observed data. Year is the survey year.
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Figure 49. Model fit to the groundfish trawl discard female size frequency data.
Solid line is the model fit. Circles are observed data. Year is the survey year.
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Figure 50. Model fit to the groundfish trawl discard male size frequency data.
Solid line is the model fit. Circles are observed data.
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Figure 51. Full selection fishing mortality estimated in the model from 1979 to
2008 fishery seasons (1978 to 2007 survey years).
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Figure 52. Fit to pot fishery cpue for retained males. Solid line is observed fishery cpue, dotted
line model fit.

NPFMCCrab Plan TeamSAFE
Page68



CRABSAFE

2008

9/19/2008

I 00D 3000

69

DRAFT

81

87
82

88 80
83
86
o1 o9
89
94
o3 oo

o2 95

79

84

T
(@]

I I
50 100

I I
150

Male Spawning Biomass(1000 t) at Feb. 15

Figure 53. Spawner recruit estimates using male mature biomass at time of
mating. Numbers are fertilization year assuming a lag of 5 years. Recruitment is
half total recruits in thousands of crab.
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Figure 54. Harvest control rules. Two control rules are shown, one for F40% and one for F35% with alpha = 0.1.
The pre-2000 target F of about 1.1 was the target F that resulted from the harvest strategy used before the 2000
fishery season. Vertical lines labeled B40% and B35% are estimated from the product of spawning biomass per
recruit fishing at F40% or F35% respectively and mean recruitment from the stock assessment model.
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Figure 55. Target survey total mature biomass by year from rebuilding plan simulations,

observed survey total mature biomass and model estimates of survey total mature biomass for the
F40% and F35% harvest strategies. 2010 is 10 years from the start of the rebuilding plan
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Figure 56. Target average retained catch by year from rebuilding plan simulations, observed
retained catch for 2001 to 2007, and projected retained catch for 2008 to 2010 using the F40%
and F35% harvest strategies.
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Figure 57. Productivity of snow crab (Ln(recruitment/mature male biomass at mating)) for different levels of
mature male biomass at mating. Average values for various time periods are shown on the plot. Different symbols
for MMB indicate which average they were included in.
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Figure 58. Productivity (In(recruitment/Mature male biomass at mating)) from 1978 to 2002,
with a 5-year running average.
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Appendix A.

Table A.1. Model equations describing the population dynamics.
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Total F over all
fisheries (total
pot and trawl
fisheries)

Fishery
selectivity for
total catch by
sex s, and size
bin 1.

Fishery
selectivity for
male retained
catch by size bin
I is the
selectivity for
total catch
(male)
multiplied by
the retention
curve (ret)

Survey
selectivity by
size — same for
males and
females

Trawl bycatch
selectivity by
size and sex
Total Survey
biomass

Growth
transition matrix
using a Gamma
distribution
Mean post-molt
width given pre-
molt width
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Table A.2. Negative log likelihood components.
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Table A.3. List of variables and their definitions used in the model.

Variable Definition

T number of years in the model(t=1 is 1978 and
t=T is end year

L number of size classes (L =22)

W, mean body weight(kg) of crabs in size group I.

é, Proportion of immature crab that become
mature at size |.

R: Recruitment in year t

R, Geometric mean value of recruitment

7, Recruitment deviation in year t

Nia number of fish in size group | in year t

pr Fraction of annual recruitment (Rt) distributed
to length bin |

Cy catch number of size group | in year t

Pt proportion of the total catch in year t that is in
size group |

Ci Total catch in year t

Y total yield in year t

Fisi Instantaneous fishing mortality rate for size
group I, sex s, inyeart

M Instantananeous natural mortality rate

E; average fishing mortality in year t

&, Deviations in fishing mortality rate in year t

Zy) Instantantaneous total mortality for size group |
in yeart

GR Growth transition matrix

Ss) selectivity for size group I, sex or shell
condition s.

NPFMCCrab Plan TeamSAFE
Page75



2008

CRABSAFE

9/19/2008

76 DRAFT

Table A.4. Estimated parameters for the model.

Parameter Description

log(Ry) log of the geometric mean value of
recruitment, one parameter

T, 1978 <t <2008, 31 Recruitment deviation in year t

parameters

Initial numbers by length for each sex and
shell condition, 88 parameters.

Initial numbers by length

parameters, one set for retained catch, one
set for female discard, and one set for trawl
bycatch equals 97 total.

log(fo) log of the geometric mean value of fishing
mortality
£, 1978 <t <2008, 31 deviations in fishing mortality rate in year t

Slope and 50% selected parameters of the
logistic curve

selectivity parameters for the total catch
(retained plus discard) of new and old shell
males.

Slope and 50% selected parameters of the
logistic curve(shell condition combined)

Retention curve parameters for the retained
males.

Slope and 50% selected parameters of the
logistic curve (6 parameters)

Selectivity parameters for survey male and
female crabs for three survey periods
(1978-81, 82-88,89 to present).

Slope and 50% selected parameters of the
logistic curve

Selectivity parameters for trawl bycatch
male and female

Slope and 50% selected parameters of the
logistic curve(2 parameters)

Selectivity parameters for crab fishery
female bycatch

M

Natural mortality

Q for survey selectivity, 3 parameters

Survey catchability

Parameters for the linear growth function,
intercept a and slope b (2 parameters male,
2 parameters female).

Growth parameters estimated from Bering
sea snow crab data (14 observations).
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BRISTOL BAY RED KING CRAB STOCK ASSESSMENT IN FALL 2008

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

A length-based model was applied to eastern Bering Sea trawl survey, catch sampling, and
commercial catch data to estimate stock abundance of Bristol Bay red king crab (Paralithodes
camtschaticus) during 1985-2008. The model assumes constant natural mortality (0.18) and
estimates trawl survey selectivities. The model fit the data well, and its results were used to
estimate biological reference points and federal overfishing levels for 2008. The biological
reference points were estimated as follows:

Bsso, = 75.11 million Ibs, or 34,070 t,

F3s50 = 0.33,

Fa09 = 0.26.
Based on Bgjse, and Fsse, the retained catch and total male catch limits for 2008 were estimated to
be:

Retained catch: 20.587 million Ibs, or 9,338.1 t,

Total male catch: 24.202 million Ibs, or 10,978.0 t,

MMB on 2/15/2009: 95.58 million Ibs, or 43,356.0 t.

Response to CPT Comments (from May 2008)

“The Plan Team identified the need for a table showing which parameters are model-estimated

and which are fixed, as well as CVs or some other uncertainty measure. It was also suggested

that future assessments include some analysis of model sensitivity to different weightings

(lambda’s). The magnitude of lambdas has a direct affect on projected biomass and catch

likelihood profiles because increasing lambdas artificially decreases the width of the profiles. In
1
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terms of evaluating uncertainty in some of the forcing parameters, the team recommended that
the authors provide a plot of a likelihood profile for some of the parameters such as trawl survey
catchability and M. It was also recommended that the author consider parameter estimation in a
Bayesian context. Figures of standardized residuals should be provided, along with providing
clarification on whether the residual patterns reflect a cohort effect or a growth effect. The team
also requested clarification of the effect of aging errors on molt probability. The team

recommends that a column be added in the catch table for total catch (all sources of catch).”

1. Alternative weighting for likelihood values or a Bayesian approach can be evaluated for
the SAFE report next year.

2. The model does not fix survey selectivities.

3. The previous report already has tables to indicate which parameters were estimated and
which ones were fixed. The tables are reorganized so that all estimated parameters are
in one table in this report. Standard deviations for individually estimated parameters are
presented in this report.

4. The likelihood profile was presented for natural mortality in the previous report, and both
likelihood profiles for natural mortality and survey catchabilities are presented in this
report.

5. Residuals in Figures 24-26 are standardized in this report. Impacts of constant mortality
for female residual patterns were discussed in both the previous and this report,
including the effects of changes in growth over time.

6. The likely effects of shell-aging errors on estimates of male molting probabilities are

mentioned in this report.

A column is added to the catch table for total catch.

Extending the model to the data before 1985 can be carried out for next year's

assessment. The estimated B35% could be affected by the high recruitment as well as

the low recruitment before 1995, if a longer time series was used.

® N

Response to SSC Comments specific to this assessment (from June 2008)

1. “The model should be fit to the full time series, beginning in 1968, and to the more recent
time series for evaluating and comparing both alternatives. We encourage the use of
available historical data and, as necessary, modifications to the model structure to
account for seeming discontinuities.”

The work has been planned to extend the model to the data before 1985 and the results will
be reported in the SAFE report in 2009.

2. “The period of recruitment that was selected for estimating Bss,, was based on a
presumed oceanographic regime shift in 1989. However, little evidence for a shift in
mean recruitment or for an effect of the regime shift on red king crab was provided.
Future analyses should include a more thorough evaluation of recruitment trends based
on a model fit to the full time series. Absent a strong rationale to the contrary, the
reference time period should include periods of both high and low recruitment to better
represent the average reproductive potential of the stock.”

The mean recruitment is higher for brood period 1990-2003 than that during brood period
1985-1989. Brood year 1990 corresponds to recruitment in 1995 due to a time lag of 5 years

2
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(from hatching to recruitment). After extending the model to the data before 1985, different
reference periods can be evaluated in 2009.

3. ‘It is anticipated that a revised time series of CPUE estimates for the trawl survey will be
available in time for the next assessment (Bob Foy, NMFS, pers. comm.). For
consistency with other analyses and over the long term, the assessment should
incorporate this revised time series.”

Current NMFS and ADFG estimates of area-swept abundance do not differ greatly. The
assessment authors have not received any revised estimates from NMFS.

4. “The analysis could benefit from a Bayesian framework for parameter estimation with
prior distributions for natural mortality (M), catchability (Q), and other parameters. For
example, a prior for Q could be based on results from trawl experiments, a likelihood
profile for Q could be provided, or Q could be freely estimated.”

This can be evaluated for the SAFE report in 2009.

5. “A better rationale for the chosen weights for different likelihood components should be
provided or, wherever possible, estimated coefficients of variation should be used for
time series of catch, CPUE, survey biomass, etc.”

Estimated CVs are available and used in the model for survey biomass, but estimated CVs
are not available for catch and bycatch. Effective sample sizes for length composition can
be evaluated in 2009.

6. “A table of negative log-likelihoods for each likelihood component should be included for
each candidate model.”

These are added in this report.

7. “The apparent convergence problem in the likelihood profile (Fig. 31) should be
addressed.”

This problem does not occur with the additional 2008 data in this report.

8. “The analysis could benefit from inclusion of a figure showing male pot bycatch
selectivity and should include a rationale for the chosen selectivity function.”

Pot bycatch selectivity was in the previous report. Additional curves showing highgrading
selecitvities during 2005-2007 are added to the current report.

9. “Estimates of uncertainty for biomass and recruitment should be reported.”

CVs of estimated recruitment are presented in this report. The likelihood profiles of
estimated mature male biomass on 2/15/2009, estimated retained catch and total catch in
2008 are presented in this report.

10. “If historical data are incorporated in future modeling, care should be taken to account
for the major changes that have occurred in gear and fishing practices between the
heyday of Russian and Japanese fisheries, the wild west days of the domestic derby
fishery, and the current rationalized fishery.”

Agree.

11. “Rationalization in the crab fishery has increased the soak time and may have resulted in
increased escapement of smaller crab from pots and associated changes in selectivity.
The SSC recommends that the authors evaluate the effects of soak time on CPUE and
selectivity.”

3
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No commercial CPUE data are used in the model. The time series during rationlization is too
short to evaluate the relationship between soak time and bycatch selectivity. This can be
examined in the future.

Response to SSC Comments in General (from June 2008)

“General recommendations to all assessment authors for future assessments:

1. To the extent possible, a consistent format should be used for the assessments;
sections that are not relevant to a particular stock should be omitted.”

Agree. Ecosystem Considerations section will be updated using the standard format next
year.

2. “Each assessment should provide a range of alternatives for the Plan Team and SSC to
consider when setting OFLs, for example, alternative model configurations for Tier 1-3
stocks, alternative parameter values where these are highly uncertain and cannot be
estimated, or alternative time periods used in Tier 4 and Tier 5 calculations.”

Due to time constraints, many alternatives are not provided in this report. Alternative models
and parameter values will be provided in the report in 2009.

3. “Model-based stock assessments should clearly document all data sources, model
equations, the number of parameters, a list of which parameters are estimated in the
model, and a list of fixed parameters, and a justification for the selected parameter
values.”

Agree.

4. “The rationale for selecting a specific time period for establishing Bysy proxies based on
time series of recruitment (Tier 1-3) or biomass (Tier 4) or for establishing an OFL based
on catch histories (Tier 5) should be clearly articulated. Unless compelling reasons exist
to choose a different period, the default should be the full time series for which data are
available. When alternative time periods are considered, the rationale and the resulting
reference points should be presented for consideration by the Plan Team and SSC.”

Agree.

5. “The crab OFL definitions are designed to provide a guide for defining the best available
proxy for MSY when data are insufficient to directly estimate MSY. The guidelines allow
gamma in the formula for computing For, under Tier 4 to be set at a value higher or
lower than 1. A gamma less than 1 might be justifiable if the available biomass measure
includes a large portion of small crab that has not recruited to the fishery. A gamma
greater than 1 might be justifiable if the directed fishery can be expected to harvest male
crab with carapace widths well above the size at 50% maturity. The SSC agrees with the
Plan Team recommendation that future stock assessments should provide analyses
to support the choice of gamma. These analyses could include an exploration of
fishery selectivity and a comparison of minimum size limits and size at 50% maturity for
male crab. The SSC does not recommend the use of an Fss.,/M ratio derived from one
stock as a default for gamma on an unrelated stock unless there is a strong rationale for
concluding that the fishery is likely to be prosecuted in an identical manner and
knowledge of stock status is sufficient to justify the harvest rate.”

Agree. This does not apply to this stock.
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6. “To the extent possible, bycatch information should be provided for all stocks included in
the SAFE so that stock OFLs can be moved from ‘retained catch OFL” to ‘“total catch
OFL”,

Total catch OFL is used in this report.

7. “For stocks with an assessment model, the SSC requests that the authors include a
table summarizing the fit to data (including number of parameters, likelihood for each
data component, etc.).”

These are included in this report.

8. “The ecosystem considerations sections could be expanded to include information on
prey and predator composition in a consistent format (e.g., pie charts similar to the
groundfish assessments). A discussion of seabird predation on crab would be a useful
addition. We note that seabirds feed on larval through juvenile crab, particularly in
shallow or nearshore areas, such as the Pribilof Islands. Plankton-feeding birds eat
larval crab and juveniles are consumed by seaducks and seabirds, particularly during
winter months.”

Few prey and predator data are available for this stock.

9. “Each assessment should include figures showing the available time series of catch and
survey biomass, in addition to tables, to facilitate comparisons and the selection of
appropriate time periods.”

Agree. These are in this report.

10. “The presentation of recruitment time series should be standardized as to year
(examples include year of recruitment to maturity for spawner/recruit data, or perhaps
year of hatching; and year of recruitment to legal size for catch data) to clearly illustrate
specific cohort strength.”

Recruitment is referred to year of recruiting or hatching and the time lag of five years from
hatching to recruiting is consistently reported in this report.

11. “Assessment authors should provide alternative options for setting OFLs to the Plan
Team and the SSC, patrticularly where there are large uncertainties about correct model
structure or parameter estimates.”

Agree. More alternatives will be provided in the report in 2009.

INTRODUCTION
Stock Structure
Red king crab (RKC), Paralithodes camtschaticus, are found in several areas of the
Aleutian Islands and eastern Bering Sea. 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)
2005). The Aleutian Islands area covers two stocks, Adak and Dutch Harbor, and the Bering

Sea area contains two other stocks, the Pribilof Islands and Norton Sound. The largest stock is

5
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found in the Bristol Bay area, which includes all waters north of the latitude of Cape Sarichef
(54°36’ N lat.), east of 168° W long., and south of the latitude of Cape Newenham (58°39’ N lat.)
(ADF&G 2005). Besides these five stocks, RKC stocks elsewhere in the Aleutian Islands and
eastern Bering Sea are currently too small to support a commercial fishery. This report

summarizes the stock assessment results for the Bristol Bay RKC stock.

Fishery

The RKC stock in Bristol Bay, Alaska, supports one of the most valuable fisheries in the
United States (Bowers et al. 2008). The Japanese fleet started the fishery in the early 1930s,
stopped fishing from 1940 to 1952, and resumed the fishery from 1953 until 1974 (Bowers et al.
2008). The Russian fleet fished for RKC from 1959 through 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 to fish for Bristol Bay RKC in 1947, and effort
and catch declined in the 1950s (Bowers et al. 2008). 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), worth an
estimated $115.3 million ex-vessel value (Bowers et al. 2008). The catch declined dramatically in
the early 1980s and has stayed at low levels during the last two decades (Table 1). After the stock
collapse in the early 1980s, 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 in
the previous summer (Zheng and Kruse 2002a). As a result of new regulations for crab
rationalization, the fishery was open longer beginning with the 2005/2006 season from October 15,
2005 to January 15, 2006. With the implementation of crab rationalization, historical guideline
harvest levels (GHL) were changed to a total allowable catch (TAC). The GHL/TAC and actual
catch are compared in Table 2. The implementation errors are quite high for some years, and total
actual catch from 1980 to 2007 is about 6% less than the sum of GHL/TAC over that period (Table
2).

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
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responsible for developing harvest strategies to determine 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 2005). In
attempting to meet these objectives, the GHL/TAC is coupled with size-sex-season restrictions.
Only males 26.5-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 2005).
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 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
(2135-mm CL) males (Pengilly and Schmidt 1995). In addition, a threshold of 8.4 million
mature-sized females (290-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, 1995b, 1997a, 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 el al. 1996). The maximum harvest rate cap of legal
males was changed from 60% to 50%. An additional 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. In 2003, the Board modified the current harvest strategy by adding a mature harvest rate of
12.5% when the ESB is between 34.75 and 55.0 million Ibs. The current harvest strategy is
illustrated in Figure 1.

The purpose of this report is to document the stock assessments for Bristol Bay RKC.
This report includes (1) all data used to conduct the stock assessments, (2) details of the
analytic approach, (3) an evaluation of the assessment results, (4) estimates of biological
reference points and federal overfishing limits for 2008, and (5) future projections and the near

future outlook.

NPFMCCrab Plan TeamSAFE
Page83



2008 CRABSAFE

DATA

Catch Data

Data on landings of Bristol Bay RKC by length and year and catch per unit effort were
obtained from annual reports of the International North Pacific Fisheries Commission from 1960
to 1973 (Hoopes et al. 1972; Jackson 1974; Phinney 1975) and from the ADF&G from 1974 to
2005 (Bowers et al. 2008). Bycatch data are available starting from 1990 and were obtained
from the ADF&G observer database and reports (Bowers et al. 2008; Burt and Barnard 2006).
Sample sizes for catch by length and shell condition are summarized in Table 3. 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.

Catch Biomass

Retained catch and estimated bycatch biomasses are summarized in Table 1. Retained
catch and estimated bycatch from the directed fishery include both the general open access fishery
(i.e., harvest not allocated to Community Development Quota [CDQ] groups) and the CDQ fishery.
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 1 are one
year less than those from the NMFS trawl bycatch database to approximate the annual bycatch for
reporting years defined as June 1 to May 31; e.g., year 2002 in Table 1 corresponds to what is

reported for year 2003 in the NMFS database. Catch biomass is shown in Figure 2.

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.
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Catch per Unit Effort

Catch per unit effort (CPUE) is defined as the number of retained crabs per tan (a unit
fishing effort for tanglenets) for the Japanese and Russian fisheries and the number of retained
crabs per potlift for the U.S. fishery (Table 4). 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, and U.S. were standardized to the Japanese tanglenet from 1960 to 1971, and the CPUE
was standardized as crabs per tan. The U.S. CPUE data have similar trends as survey legal

abundance after 1971 (Figure 3).

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, conduct
this multispecies, crab-groundfish survey during the summer. Stations are 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. The survey in Bristol Bay occurs primarily during late
May and June. Tow-by-tow trawl survey data for Bristol Bay RKC during 1975-2008 were
provided by NMFS.

Abundance estimates by sex, carapace length, and shell condition were derived from
survey data using an area-swept approach without post-stratification (Figures 4 and 5). |If
multiple tows were made for a single station in a given year, the average of the abundances
from all tows was used as the estimate of abundance for that station. Until the late 1980s,
NMFS used a post-stratification approach, but subsequently treated Bristol Bay as a single
stratum. If more than one tow was conducted in a station because of high RKC abundance (i.e.,
the station is a “hot spot”), NMFS regards the station as a separate stratum. Due to poor
documentation, it is difficult to duplicate NMFS post-stratifications. A “hot spot” was not
surveyed with multiple tows during the early years. Two such “hot spots” affected the survey
abundance estimates greatly: station H13 in 1984 (mostly juvenile crabs 75-90 mm CL) and
station FO6 in 1991 (mostly newshell legal males). The tow at station FO6 was discarded in the
NMFS abundance estimates (Stevens et al. 1991). In this study, the average abundances from
all tows in the nine stations (the station itself and the eight adjacent stations) were used as the
estimates of abundance for station H13 in 1984 and station FO6 in 1991.

The approach here results in estimates close to those made by NMFS with some
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exceptions (Figure 6). Two surveys were conducted for Bristol Bay RKC in 1999, 2000, 2006-
2008: the standard survey that was performed in late May and early June (about two weeks earlier
than historic surveys) in 1999 and 2000 and the standard survey that was performed in early June
in 2006-2008 and resurveys of 31 stations (1999), 23 stations (2000), 31 stations (2006, 1 bad tow
and 30 valid tows), and 32 stations (2007 and 2008) with high female density that was performed in
late July, about six weeks after the standard survey. The resurveys were necessary because a
high proportion of mature females had not yet molted or mated prior to the standard surveys (Figure
7). 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 between the standard survey and resurvey (P=0.74, 0.74 and 0.95) based on f-tests of
paired two sample for means. However, similar to 2006, area-swept estimates of mature females
within the 32 resurvey stations in 2007 are significantly different between the standard survey and
resurvey (P=0.03) based on the t-test. All survey tows were included in NMFS estimates in 1999,
2000, 2006-2008. To maximize use of the survey data, we used data from both surveys to
assess male abundance but only the resurvey data, plus the standard survey data outside the
resurveyed stations, to assess female abundance during these five years.

For 1968-1970 and 1972-1974, abundance estimates were obtained from NMFS directly
because the original survey data by tow were not available. There were spring and fall surveys
in 1968 and 1969. The average of estimated abundances from spring and fall surveys was
used for those two years. Different catchabilities were assumed for survey data before 1973
because of an apparent change in survey catchability. A footrope chain was added to the trawl
gear starting in 1973, and the crab abundances in all length classes during 1973-1979 were

much greater than those estimated prior to 1973 (Reeves et al. 1977).

ANALYTIC APPROACH
To reduce annual measurement errors associated with abundance estimates derived
from the area-swept method, the 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
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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 groups for federal overfishing limits. The crab abundance declined sharply
during the early 1980s. The LBA estimated natural mortality for different periods of years,
whereas the research model assumed a constant natural mortality over time. Sources of
mortality during the early 1980s need to be quantified to include data before 1985 into the
research model. In this report, we present only the research model that was fit to the data only
from 1985 to 2008.

Model Scenarios
Three scenarios with different handling mortalities were run for the research model. The
base handling mortality rate was assumed to be 0.2, and alternative handling mortality rates of

0.1 and 0.4 were used for comparison.

Main Assumptions for the Model

Many assumptions were made to develop the length-based model. The major assumptions
are:

(1) Natural mortality is constant over time, sex, shell condition, and length and was

estimated with a maximum age of 25 and the 1% rule (Zheng 2005).

(2) Survey and fisheries selectivities are a function of length and were constant over time
and shell condition. Selectivities are a function of sex except for trawl bycatch
selectivities, which are the same for both sexes.

3
4
5
6

Growth is a function of length and did not change over time.
Molting probabilities are an inverse logistic function of length for males.

Annual fishing seasons for the directed fishery are short.

(
(
(
(

~— ~—r S~ ~—

Survey catchabilities were set to 0.774 for females and 0.896 for males based on a trawl

experiment by Weinberg et al. (2004).

(7) Female crabs are mature at sizes 290 mm CL and males mature at sizes 2120 mm CL.

(8) For summer trawl survey data, shell ages of newshell crabs were 12 months or less, and
shell ages of oldshell and very oldshell crabs were more than 12 months.

(9) Measurement errors were assumed to be normally distributed for length compositions

and were log-normally distributed for biomasses.
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Population Model

The original LBA model was described in detail by Zheng et al. (1995a, 1995b) and
Zheng and Kruse (2002a). Pulse fishing was assumed for the model. Male 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:
I'=1+1

N 1+1,t+1 = z {PI’,I+I [(N It +OI’,t) e-M B (Cm + D|,t ) e(yt_l)M ] rTl|'} + R|+1,‘+1 ! (1)
I'=1

+ D|+1,t) e(yt v ](1- m|)'

I+1,t+1 1+1.t

0, 7lN, *+0,)e" -(C, |

\t

where
Nt is newshell crab abundance in length class / and year {,
Oyt is oldshell crab abundances in length class / and year ¢,
M is the instantaneous natural mortality,
my is the molting probability for length class /,
R is recruitment into length class / in year {,
7 is the lag in years between assessment survey and the mid fishery time in year ¢,
Py, is the proportion of molting crabs growing from length class /' to / after one
molt,
Cit is the retained catch of length class / in year t, and
D¢ is the discarded mortality catch of length class / in year t, including pot and

trawl bycatch.
The minimum carapace length for males is set at 65 mm, and crab abundance is modeled with
a length-class interval of 5 mm. The last length class includes all crabs >160-mm CL. There are
20 length classes/groups. Py, m;, R;: C;t, and D,; are computed as follows:
Mean growth increment per molt is assumed to be a linear function of pre-molt length:
Gi=a+by, (2)
where a and b are constants. Growth increment per molt is assumed to follow a gamma

distribution:

(x|, B)=x2" e 1[p" T(a,)] 3)
The expected proportion of molting individuals growing from length class /; to length class I,

after one molt is equal to the sum of probabilities within length range [#, ) of the receiving
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length class I, at the beginning of the next year:

12

Pii,= _[ d(X| e, B)dx, (4)

where ¢ is the mid-length of length class /;. For the last length class L, P, = 1.
The molting probability for a given length class / is modeled by an inverse logistic
function:
1

m|=l—m1 ()

where

B, Lsp are parameters, and

l is the mid-length of length class /.

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;was assumed to consist of crabs at the recruiting age with different lengths and thus

represents year class strength for year t. R, is computed as
R,=R\U,, (6)

where U, is described by a gamma distribution similar to equations (3) and (4) with a set of
parameters «, and S. Because of different growth rates, recruitment was estimated separately
for males and females under a constraint of approximately equal sex ratios of recruitment over
time.

Before 1990, no observed bycatch data were available in the directed pot fishery; the
crabs 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. All fishery catch and

discarded mortality bycatch are estimated as:

C,or D,=(N,+0,)e""(1-e™") 7)
where
S is selectivity for retained, pot or trawl discarded mortality catch of length class |,
and
Fi is full fishing mortality of retained, pot or trawl discarded mortality catch in year t.

The female crab model is the same as the male crab model except that the retained
catch equals zero and molting probability equals 1.0 to reflect annual molting (Powell 1967).
13

NPFMCCrab Plan TeamSAFE
Page89



2008 CRABSAFE

The minimum carapace length is set at 65 mm, and the last length class includes all crabs

>140-mm CL, resulting in length groups 1-16.

Fisheries Selectivities
Retained selectivity, female pot bycatch selectivity, and both male and female trawl bycatch
selectivity are estimated as a function of length:

1

T gl L) (8)

Different sets of parameters (8, Ls) are estimated for retained males, female pot bycatch, and male
and female trawl bycatch.

Male pot bycatch selectivity is modeled by two linear functions:
S, =@p+x1, if 1<135mmCL,
s, =5, +57, if 1>134mmCL ®)
Where
@, K, yare parameters.
During 2005-2007, a portion of legal males were also discarded in the pot fishery. The

selectivity for this highgrading was estimated to be the retained selectivity in each year times a

highgrading parameter, hg:.

Trawl Survey Selectivities/Catchability

Trawl survey selectivities/catchability are estimated as

A

S' - 1+ e'ﬂ (1=Lsp) '’

(10)

with different sets of parameters (B, Ls) estimated for males and females. 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 (B8, Lsp for females and Ls, for males) were estimated in the model.
Parameter A was set to be 0.774 for females and 0.896 for males based on a trawl experiment
by Weinberg et al. (2004, Figure 8).

Parameters Estimated Independently
Natural mortality, length-weight relationships, and mean growth increments per molt were

estimated independently outside of the model. Mean length of recruits to the model depends on
14

NPFMCCrab Plan TeamSAFE
Page90



CRABSAFE 2008

growth and was assumed to be 72.5 for both males and females. Highgrading parameters hg; were
estimated to be 0.2785 in 2005, 0.0440 in 2006 and 0.0197 in 2007 based on the proportions of
discarded legal males to total caught legal males. Handling mortality rates was set to 0.2 for the pot

fishery and 0.8 for the trawl fisheries.

Natural Mortality

Based on an assumed maximum age of 25 years and the 1% rule (Zheng 2005), M was

estimated to be 0.18 for both males and females.

Length-weight Relationship
Length-weight relationships for males and females were as follows:
Immature Females: W =0.010271 L*%8

Ovigerous Females: W =0.02286 L*%*, (11)
Males: W =0.000361 L3°,
where

w is weight in grams, and

L is CL in mm.

Growth Increment per Molt

A variety of data are available to estimate male mean growth increment per molt for
Bristol Bay RKC. Tagging studies were conducted during the 1950s, 1960s and 1990s, and
mean growth increment per molt data from these tagging studies in the 1950s and 1960s were
analyzed by Weber and Miyahara (1962) and Balsiger (1974). Modal analyses were conducted
for the data during 1957-1961 and the 1990s (Weber 1967; Loher et al. 2001). Mean growth
increment per molt may be a function of body size and shell condition and vary over time
(Balsiger 1974; McCaughran and Powell 1977); however, for simplicity, mean growth increment
per molt was assumed to be only a function of body size in the models. Tagging data were
used to estimate mean growth increment per molt as a function of pre-molt length for males
(Figure 9). The results from modal analyses of 1957-1961 and the 1990s were used to estimate
mean growth increment per molt for immature females, and the data presented in Gray (1963)
were used to estimate those for mature females (Figure 9). To make a smooth transition of
growth increment per molt from immature to mature females, weighted growth increment
averages of 70% and 30% at 92.5 mm CL pre-molt length and 90% and 10% at 97.5 mm CL
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were used, respectively, for mature and immature females. These percentages are roughly
close to the composition of maturity. Once mature, the growth increment per molt for male
crabs decreases slightly and annual molting probability decreases, whereas the growth
increment for female crabs decreases dramatically but annual molting probability remains
constant at 1.0 (Powell 1967).

Sizes at Maturity for Males

Sizes at functional maturity for Bristol Bay male RKC have been assumed to be 120 mm
CL (Schmidt and Pengilly 1990). This is based on mating pair data collected off Kodiak Island
(Figure 10). Sizes at maturity for Bristol Bay female RKC are about 90 mm CL, about 15 mm
CL less than Kodiak female RKC (Pengilly et al. 2002). The size ratio of mature males to
females is 1.3333 at sizes at maturity for Bristol Bay RKC, and since mature males grow at
much larger increments than mature females, the mean size ratio of mature males to females is
most likely larger than this ratio. Size ratios of the large majority of Kodiak mating pairs were
less than 1.3333, and in some bays, only a small proportion of mating pairs had size ratios
above 1.3333 (Figure 10).

In the laboratory, male RKC as small as 80 mm CL from Kodiak and SE Alaska can
successfully mate with females (Paul and Paul 1990). But few males less than 100 mm CL
were observed to mate with females in the wild. Based on the size ratios of males to females in
the Kodiak mating pair data, setting 120 mm CL as a minimum size of functional maturity for

Bristol Bay male RKC is proper and conservative in terms of managing the fishery.

Parameters Estimated Conditionally

The following model parameters were estimated for male and female crabs: total recruits
for each year (year class strength R; for t = 1986 to 2008), total abundance in the first year
(1985), growth parameter g and recruitment parameter g, for males and females separately.
Molting probability parameters f and Ls, were also estimated for male crabs. Estimated
parameters also include £ and Ls, for retained selectivity, # and Ls, for pot-discarded female
selectivity, f and Ls, for groundfish trawl discarded selectivity, ¢, k and y for pot-discarded male
selectivity, and g for trawl survey selectivity and Ls, for trawl survey male and females
separately. Annual fishing mortalities were also estimated for the directed pot fishery for males
(1985-2007), pot-discarded females (1990-2007), and groundfish trawl discarded males and

females (1985-2007). Total number of parameters to be estimated is 130. Some estimated
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parameters were constrained in the model. For example, male and female recruitment
estimates were forced to be close to each other for a given year.

To increase the efficiency of the parameter-estimation algorithm, we assumed that the
relative frequencies of length and shell classes from survey year 1985 approximate the true
relative frequencies within sexes. Thus, only total abundances of males and females for the
first year were estimated; 3n unknown parameters for the abundances in the first year, where n
is the number of length-classes, were reduced to one under this assumption.

A maximum likelihood approach was used to estimate parameters. For length

compositions (p;s sn), the likelihood functions are :

A 2
GXp|:_ ( pl,t,s,sh2(72 |,t73=5h) } +0.01

L T 2 2
R =TTTII1I1 : : (12)

I=1 t=1 s=1 sh=l 2no

0-2 = [pl,t,s,sh (1_ pl,t,s,sh)+0-1/ L]/ n,

where
L is the number of length groups,
T is the number of years, and
n is the effective sample size, which was assumed to be 400 for retained males, 200
for trawl survey and 100 for bycatch length composition data.

The weighted negative log-likelihood functions are:
Length compositions: - > In(Rf,),
Biomassesother thansurvey : 4, Z[ln(Bt /B,) ]
Surveybimass : ﬂ,Z[In(Bt /B, /(2 cvf)],

R variation: 2, > [In(R,/R)’],

R sexratio: A [In(R, /R:)*1,

Where

R; is the recruitment in year {,

(13)

R is the mean recruitment,

R,, is the mean male recruitment,

R: is the mean female recruitment.
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Weighted A; are assumed to be 500 for retained catch biomass, 50 for survey biomass, and 20
for all other biomasses, 2 for recruitment variation, and 20 for recruitment sex ratio. These A;
values represent prior assumptions about the accuracy of the observed biomass data and about

the variances of these random variables.

RESULTS
Population Abundance

The model fit the fishery biomass data well and fit the survey biomass reasonably well
(Figures 11 and 12). Because the model estimates annual fishing mortality for pot male catch, pot
female bycatch, and trawl bycatch, the deviations of observed and predicted (estimated) fishery
biomass are mainly due to size composition differences. The model did not fit the mature crab
abundance directly and depicted the trends of the mature abundance well (Figure 12). Estimated
mature crab abundance has increased during the last 20 years with mature females being 6 times
more abundant in 2008 than in 1985 and mature males being 2.5 times more abundant in 2008
than in 1985 (Figure 12).

The model also fit the length and shell composition data well (Figures 13-20). Model fit of
length compositions in the trawl survey was better for newshell males and females than for oldshell
males. The model predicted lower proportions of oldshell males in 1993, 1994 and 2002 and higher
proportions of oldshell males in 1988, 1997, 2001, 2003, 2004 and 2006 than the area-swept
estimates (Figure 14). In addition to size, molting probability may also be affected by age and
environmental conditions. Tagging data show that molting probability changed over time (Basilger
1974). Therefore, the relatively poor fit to oldshell males may be due to use of a constant molting
probability function as well as shell aging errors. It is surprising that the model fit the length
proportions of the pot male bycatch well with two simple linear selectivity functions (Figure 17). We
explored a logistic selectivity function, but due to the long left tail of the pot male bycatch selectivity,
the logistic selectivity function did not fit the data well.

Modal progressions are tracked well in the trawl survey data, particularly beginning in the
mid-1990s (Figures 13 and 15). Cohorts first seen in the trawl survey data in 1986, 1990, 1995,
1999, 2002, 2004 and 2005 can be tracked over time. Some cohorts can be tracked over time in
the pot bycatch as well (Figure 17), but the bycatch data did not track the cohorts as well as the
survey data. Groundfish trawl bycatch data provide little information to track modal progression
(Figures 19 and 20).
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The model can be extended to the data before 1985. However, due to a sharp decrease in
population abundance in the early 1980s, it is difficult to fit the data with a constant natural mortality.
The model can be used to investigate changes in natural mortality and impacts of observed and
unobserved bycatch on the population in the late 1970s and early 1980s. These were the original

objectives to develop the research model.

Parameter Estimates

Negative log-likelihood values and parameter estimates are summarized in Tables 5 and 6,
respectively. Length-specific fishing mortality is equal to its selectivity times the full fishing mortality.
Estimated full pot fishing mortalities for females and full fishing mortalities for trawl bycatch were
very low due to low bycatches as well as handling mortality rates less than 1.0. Estimated recruits
varied greatly from year to year (Table 6). Estimated low selectivities for male pot bycatch, relative
to the retained catch, reflected the 20% handling mortality rate (Figure 21). Both selectivities were
applied to the same level of full fishing mortality. Estimated selectivities for female pot bycatch were
close to 1 for all mature females (Figure 21), and the estimated full fishing mortalities for female pot
bycatch were much lower than for male retained catch and bycatch (Table 6).

One of the most important results is estimated trawl survey selectivity/catchability (Figure
21). Survey selectivity affects not only the fitting of the data but also the absolute abundance
estimates. Estimated survey selectivities in Figure 21 are generally smaller than the capture
probabilities in Figure 8 because survey selectivities include capture probabilities and crab
availability. The reliability of estimated survey selectivities will greatly affect the application of the
model to fisheries management. Under- or overestimates of survey selectivities will cause a
systematical upward or downward bias of abundance estimates. Information about crab availability
to the survey area at survey times will help estimate the survey selectivities.

Estimated molting probabilities during 1985-2008 (Figure 22) were generally lower than
those estimated from the 1954-1961 and 1966-1969 tagging data (Balsiger 1974). Lower molting
probabilities mean more oldshell crabs, possibly due to changes in molting probabilities over time or
shell aging errors. Overestimates or underestimates of oldshell crabs will result in lower or higher

estimates of male molting probabilities.

Residual Patterns
Residuals of total survey biomass and proportions of length and shell condition, calculated

as observed minus predicted, were plotted to examine their patterns. Residuals of total survey
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biomass were standardized by the estimated standard deviation. The residuals of total survey
biomass did not show any consistent patterns (Figure 23). Standardized residuals of proportions of
survey newshell males appear to be random over length and year (Figure 24). Residuals of
proportions of survey oldshell males were mostly positive or negative for some years (Figure 25).
This is expected since a constant molting probability function over time was used. Changes in
molting probability over time or shell aging errors would create such residual patterns. There is an
interesting pattern for residuals of proportions of survey females. Residuals were generally
negative for large-sized mature females before 1995 and positive after 1994 (Figure 26). The
pattern was opposite for small-sized mature females. Several factors could cause such a pattern:
(1) a lower natural mortality after 1994, (2) changes in survey selectivities, (3) an unknown source
of mortality before 1995, or (4) changes in growth over time. ADF&G stock assessment model
estimates different levels of natural mortality for different periods of years and suggests a lower
natural mortality after 1993. The inadequateness of the model can be corrected by adding
parameters to address these factors. Even though the residuals for females were not random, the

model appears to fit annual mature female abundance quite well (Figure 12).

Retrospective Analyses

Two kinds of retrospective analyses were conducted for this report: (1) historical results and
(2) the 2008 model results. 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 2008 estimates as the baseline values, we can also evaluate how well the model had
done in the past. The 2008 model results are based on sequentially excluding one-year of data to

evaluate the current model performance with less data.

Historical Results

The model first fit the data from 1985 to 2004 in 2004. Thus, five historical assessment
results are available. The main differences of the 2004 model were weighting factors and effective
sample sizes for the likelihood functions. In 2004, the weighting factors were 1000 for survey
biomass, 2000 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 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 27).
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In 2005, to improve the fit for retained catch data, the weight for retained catch biomass
increased to 3000 and the weight for retained catch proportions 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 be 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 bycatches. 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 27).

In 2008, estimated coefficients of variation for survey biomass were used to compute
likelihood values as suggested by a Crab Plan Team member in 2007. Weights were re-configured
because of this change: 500 for retained catch biomass, 50 for survey biomass, and 20 for bycatch
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 27).

2008 Model Results

The performance of the 2008 model includes sequentially excluding one-year of data. The
model performed well except estimates for the early 2000s made with terminal year 2002 (Figure
28). Lower estimates in the early 2000s were primarily due to extremely low survey estimates in
2001.

Overall, both historical results and the 2008 model results performed reasonably well. No
great overestimates or underestimates occurred as observed in Pacific halibut (Hippoglossus
stenolepis) (Parma 1993) or some eastern Bering Sea groundfish stocks (Zheng and Kruse 2002a;
lanelli et al. 2003). Since the model has not been used to set TAC or overfishing limits, historical
implications for management from these assessment errors can not be evaluated at the current
time. However, management implications of the ADF&G stock assessment model were evaluated
by Zheng and Kruse (2002a).
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Effects of Handling Mortality Rate on Abundance Estimates

The baseline handling mortality rate for the pot fishery was set at 0.2. A 50% reduction and
100% increase 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 estimated mature abundance (Figure 29). Differences of estimated legal abundance

and mature male biomass were small among these handling mortality rates (Figure 30).

Effects of Natural Mortality

Changes in natural mortality resulted in changes in model fitting, abundance estimates and
F3s9 values (Figure 31). Estimated Fsso, is highly sensitive to values of natural mortality, and a
higher M resulted in a higher Fss The M = 0.18 results in close to the best fit of the data and
results in intermediate values of estimated legal male abundance (Figure 31). Higher M values

generally result in lower estimates of legal male abundance in 2008.

Effects of Survey Catchabilities

Changes in trawl survey catchabilities resulted in changes in model fitting and abundance
estimates (Figure 32). When fixing survey catchability for females to be 0.774, the likelihood value
is maximized with a male survey catchability of 1.10, an unlikely value biologically. When fixing
survey catchability for males to be 0.896, the likelihood value is maximized with a female survey
catchability of 0.80, close to the estimated value from the double-bag experiment (Weinberg et al.
2004). When fixing the ratio of male to female catchabilities to be 1.1576 (0.896/0.774), the
likelihood value is maximized with male and female catchabilities of 1.10 and 0.95, respectively.
However, the likelihood values are very close for male survey catchabilities from 1.00 to 1.10
(Figure 32). Estimated legal male abundance in 2008 is highly sensitive to values of male survey
catchability, and a higher male survey catchability resulted in a lower legal abundance. Changes in

female catchability have little impacts on estimated legal male abundance (Figure 32).

Exploitation

Estimated full pot fishing mortalities ranged from 0.0 to 0.592 during 1985-2007 with
estimated values over 0.4 during 1985-1987, 1990-1991, 1993, and 1998 (Table 6). Estimated
fishing mortalities for pot female bycatch and trawl bycatch were less than 0.06.

The average of estimated male recruits from 1995 to 2008 (Figure 33) and mature male

biomass per recruit was used to estimate Bss,,. The choice of this recruitment will be discussed in
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the “Biological Reference Points” section. The full fishing mortalities for the directed pot fishery at
the time of fishing were plotted against mature male biomass on Feb. 15 (Figure 34). Before the
current harvest strategy was adopted in 1996, many fishing mortalities were above F3sy, (Figure 34).
Under the current harvest strategy, estimated fishing mortalities were at or above the F3se, limits in
1998, 2005 and 2007 but below the F3s4 limits in other years.

Stock-Recruitment Relationships

Estimated mature male biomass and recruitment were plotted to illustrate their relationships
(Figure 35). Neither the estimated Ricker nor the Beverton-Holt curve was statistically significant.

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 were high in some years before 1990, but have been low since 1990
(Figure 36). The highest proportion of empty clutches (0.2) was in 1986, and they primarily involved
soft shell females (shell condition 1). Clutch fullness fluctuated annually around average levels
during two periods: before 1991 and after 1990 (Figure 36). The average clutch fullness was

almost identical for these two periods (Figure 36).

BIOLOGICAL REFERENCE POINTS AND OVERFISHING LIMITS FOR 2008

Bristol Bay RKC is currently placed in Tier 3 (NPFMC 2007). For Tier 3 stocks, estimated
biological reference points include Bssy, Fsse, and Fupe,. Estimated model parameters were used to
conduct mature male biomass per recruit analysis. Because trawl bycatch fishing mortality was not
related to pot fishing mortality, average trawl bycatch fishing mortality during 1998 to 2007 was
used for the per recruit analysis as well as for projections in the next section. Pot female bycatch
fishing mortality was set equal to pot male fishing mortality times 0.02, an intermediate level during
1990-2007. Some discards of legal males occurred since the IFQ fishery started in 2005, but the
discard rates were much lower in 2006 and 2007 than in 2005 after the fishing industry minimized
discards of legal males. Thus, the average of retained selectivities and discard male selectivities in
2006 and 2007 were used to represent current trends for per recruit analysis and projections.
Because of higher estimated recruitment after 1994 than during 1985-1994 and the potential regime
shift after 1989 (Overland et al. 1999), which corresponded to recruitment in 1995 and later, we
used average of estimated male recruitment during 1995-2008 (Figure 33) to develop Bssy. The

biological reference points were estimated as follow:
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B3sy = 75.112 million Ibs, or 34,070 t,
F3s50, = 0.33,
Fa0% = 0.26.
Based on Bssy, and F3se, the retained catch and total catch limits for 2008 are estimated to be:
Retained catch: 20.587 million Ibs, or 9,338.1 t,
Total catch: 24.202 million Ibs, or 10,978.0 t,
MMB on 2/15/2009: 95.58 million Ibs, or 43,356.0 t.
Likelihood profiles of mature male biomass on February 15, retained catch and total catch for 2008

are illustrated in Figure 37. The confidence intervals are quite narrow for all three values.

PROJECTIONS AND FUTURE OUTLOOK
Projections

Future population projections primarily depend on future recruitment, but crab recruitment is
difficult to predict. Therefore, annual recruitment for the projections was a random selection from
estimated recruitments during 1995-2008. Besides recruitment, the other major uncertainty for the
projections is estimated abundance in 2008. The 2008 abundance was randomly selected from the
estimated normal distribution of the assessment model for each replicate. Four scenarios of fishing
mortality for the directed pot fishery were used in the projections:

(1) No directed fishery. This was used as a base projection.
(2) Fa0%. This fishing mortality creates a buffer between the limits and target levels.
(3) F3s%. This is the maximum fishing mortality allowed under the current overfishing
definitions.
(4) Current ADF&G harvest strategy with the F3s, constraint.
Each scenario was replicated 1000 times and projections made over 10 years beginning in 2008
(Table 8).

As expected, projected mature male biomasses were much higher without the directed
fishing mortality than under the other scenarios. Among three scenarios with directed fishing, the
ADF&G harvest strategy produced the most stable mature male biomass and catch over time
(Table 8, Figures 38 and 39). With its forward looking feature, the ADF&G harvest strategy reduced
fishing mortality one year or two years earlier than the F,, and Fssy4 Scenarios when recruitment
was poor. At the end of 10 years, projected mature male biomass was above Bssy, for the Fyp

scenario and the ADF&G harvest strategy and similar to Bsse, for the F3s0, scenario (Figure 38).
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Near Future Outlook

The near future outlook for the Bristol Bay RKC stock is stable. The three recent above-
average year classes (hatching years 1990, 1994, and 1997) had largely entered the legal
population by 2006 (Figure 40). 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 will continue to enter the mature male population next year and start to recruit to
the legal population next year (Figure 40). However, no strong cohorts have been observed in the
survey data after this cohort (Figure 40). Due to these above average year classes, mature and
legal crabs should remain at relatively high abundance levels compared to the previous 20 years if
natural mortality does not increase greatly, as happened in the early 1980s for this stock and in
1999 for St. Matthew lIsland blue king crab (Zheng and Kruse 2002b). The mature and legal
abundance may start to decline after 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.

ECOSYSTEM CONSIDERATIONS
Three aspects of ecosystem considerations are reported in this report: impacts of changes
in oceanographic conditions on RKC recruitment strength, predation by groundfish, and impacts of

shifts of spatial distribution on crab recruitment success.

Impacts of Changes in Oceanographic Conditions on RKC Recruitment

Environmental factors may play important roles in determining recruitment strength.
Climate variability, ocean temperature, surface winds, ocean currents and their ecological
interactions may affect food availability and larval transport, growth and survival, thus affecting
recruitment strength (Shepherd et al. 1984; Koslow et al. 1987). Changes in many of these
oceanographic processes are associated with atmospheric pressure patterns in winter, such as the
strength and position of the Aleutian Low Pressure System, which affects the direction and intensity
of storms, and the Arctic Oscillation, which represents the spin up (or spin down) of the polar vortex
and indexes the transfer of mass between high and mid latitudes (Overland et al., 1999). For
instance, a climate regime shift in the late 1970s was manifested by increased winter storms and

precipitation, faster alongshore currents, warmer sea surface temperatures, and higher coastal sea
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levels in the northeastern Pacific Ocean (Hollowed and Wooster 1992; Hare and Mantua 2000).
Overland et al. (1999) found three shifts of wintertime climate forcing patterns that have been
identified in the past three decades: 1967-1976 (positive Aleutian Low, mixed Arctic Oscillation),
1977-1988 (negative Aleutian Low, negative Arctic Oscillation), and 1989-1998 (mixed Aleutian
Low, positive Arctic Oscillation).

The relationship between the recruitment strength of Bristol Bay RKC and the Aleutian Low
Pressure index were examined by Zheng and Kruse (2000, 2006). They found that the recruitment
trends of Bristol Bay RKC may partly relate to decadal shifts in physical oceanography: all strong
year classes occurred before 1977 when the Aleutian Low was weak. One of the largest year
classes during the last 20 years, the 1990 year class, was also coincidental with the weak Aleutian
Low index during 1989-1991 (Zheng and Kruse 2000, 2006). The mechanisms are uncertain, but
food availability is hypothesized to be important to RKC (Zheng and Kruse 2000) because their
larvae suffer reduced survival and feeding capability if they do not feed within the first 2-6 days after
hatching (Paul and Paul 1980). Diatoms such as Thalassiosira are important food for first-feeding
RKC larvae (Paul et al. 1989) and they are predominate in the spring bloom in years of light winds
when the water column is stable (Ziemann et al. 1991; Bienfang and Ziemann 1995). One
hypothesis is that years of strong wind mixing associated with intensified Aleutian Lows may

depress RKC larval survival and subsequent recruitment (Zheng and Kruse 2000).

Predation by Groundfish

During the period from mating to recruitment, many events can modify crab year-class
strength. This may explain the weak relationships between recruitment and spawning biomass
as well as individual environmental factors. One such event is groundfish predation.
Groundfish consume crabs from the pelagic larval to adult stages. Based on routine
examination of stomach contents of some groundfish species (Alaska plaice, arrowtooth
flounder, flathead sole, northern rock sole, Pacific cod, Pacific halibut, skates, walleye pollock,
and yellowfin sole) in the eastern Bering Sea, a huge amount of early juvenile Tanner and snow
crabs are consumed by groundfish each year during summer months, May to September (Lang
et al. 2003). Predation on large crabs usually occurs during molting periods (Blau 1986), which
are generally during spring. Few large crabs have been founded in groundfish stomachs during
summer months when sampling occurs. Because female RKC molt later than males, sampling
may bias against monitoring of predation on adult male RKC relative to females (Table 9).

Likewise, juvenile RKC are usually found in nearshore, shallow waters, where hardly any

26

NPFMCCrab Plan TeamSAFE
Pagel02



CRABSAFE 2008

samples of groundfish are taken. Thus, data are not available to estimate groundfish predation
on juvenile RKC. Overall, estimates of RKC biomass to be consumed by groundfish during
summer months were low relative to the crab population abundance (Table 10).

Zheng and Kruse (2006) reported statistically significant correlations between Pacific
cod biomass and Bristol Bay RKC recruitment with recruitment time lags from ages 0 to 3.
Correlations between yellowfin sole biomass and log-transformed Bristol Bay RKC recruitment
are also statistically significant with recruitment time lags from ages 0 to 2 (r = -0.85, -0.83, -
0.79, and P = 0.03, 0.04, 0.04, respectively, Zheng and Kruse 2006). The spatial distribution of
yellowfin sole mainly overlaps with Bristol Bay RKC and has not changed much over time.
Higher Pacific cod and yellowfin sole biomass was associated with lower RKC recruitment
(Zheng and Kruse 2006). Pacific cod is the main predator of red king crabs (Table 10).

Statistical significance does not necessarily imply biologically meaningful relationships.
Multiple statistical tests increase the probability of Type | error. In a detailed study of predation
and population trends, Livingston (1989) concluded that cod predation was not responsible for
declines of RKC in Bristol Bay in the early 1980s. Estimates of RKC consumed by cod during
1981 and 1983-1996 (Livingston 1991; Livingston et al. 1993, Livingston & deReynier 1996;
Lang et al. 2003) constitute only a very small proportion of the crab population. Most RKC in
cod stomachs are softshell females >80 mm carapace length (Livingston 1989; Table 9) — well
beyond the size at which year class strength is determined. However, as noted earlier, the lack
of RKC in groundfish stomachs may also be due to sampling problems. Therefore, the lack of
large numbers of early juvenile RKC in groundfish stomach data obtained during summer
months in offshore waters does not necessarily invalidate the apparent negative relationships
between RKC year-class strength and biomass of Pacific cod and yellowfin sole. Groundfish
stomachs must be sampled at the appropriate spatial and temporal scales to resolve questions
about groundfish predation on juvenile king crabs.

Spatial distributions of crabs and groundfish may also play an important role on
groundfish predation on crabs. Like crab stocks, spatial distributions of groundfish stocks in the
eastern Bering Sea changed over time (Figure 41). During recent years, biomass distribution
centers of Pacific cod, flathead sole and arrowtooth flounder shifted to the northwest, those of
rock sole, skates and Alaska plaice shifted to the northeast, whereas spatial distributions of
yellowfin sole remained relatively stable (Figure 41). The northward expansion for some

groundfish seems to relate to warmer bottom temperatures, perhaps due to a northward
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extension of suitable habitat. With warmer temperatures, the center of groundfish spatial
distributions moved farther to the north (Zheng and Kruse 2006).

Changes in spatial distributions of groundfish in the eastern Bering Sea are best
illustrated by distributions of Pacific cod biomass from 1982 to 2004 (Figure 42). In the early
1980s, Pacific cod mainly occurred in shallow waters <50 m in the Bristol Bay area and in deep
waters >100 m in the northwest of the eastern Bering Sea. However, during 1985-1988 and
1991-1996 the distribution of Pacific cod biomass was widespread across the shelf. In recent
years, cod abundance concentrated in the north, around St. Matthew Island, and stayed at a
relatively low density in Bristol Bay.

Other striking examples of changes in spatial distributions are provided by rock sole and
skates (Figure 43). Rock sole mainly occurred in Bristol Bay and the Pribilof Islands in the
1980s. During the last 15 years, rock sole have expanded to the north up to St. Matthew Island.
The biomass of skates has also increased greatly during the last 20 years and expanded
northward. Among other commercially important species, biomass of arrowtooth flounder and

flathead sole has also increased during the 1980s.

Impacts of Shifts of Spatial Distribution on Crab Recruitment Success

Spatial distributions of Bristol Bay RKC changed profoundly during the last three decades
(Hsu 1987; Loher 2001; Zheng and Kruse 2006; Figure 44). Generally speaking, RKC abundance
in southern Bristol Bay was high during the 1970s, declined, and was extremely low after 1979
(Zheng and Kruse 2006). Female RKC were found primarily in central Bristol Bay during 1980-
1987 and 1992-2006 (Zheng and Kruse 2006). The distribution centers of mature females moved
south slightly during 1988-1991 but did not reach the southern locations previously occupied in the
1970s. Loher (2001) hypothesized that changes in near bottom temperatures associated with
the 1976/77 regime shift are causes for spatial shifts of RKC female distributions. Because
small juvenile RKC are generally located downstream of the mature females (Zheng and Kruse
2006), larval advection appears to be an important process for RKC.

Zheng and Kruse (2008) used the ocean surface current simulator (OSCURS) to perform
retrospective analyses of movements of Bristol Bay red king crab larvae from 1967 to 2002.
Simulations started at the annual distribution centers of mature females >99 mm CL. The
distribution centers were assumed to be the centers of larval hatching. Mature RKC females >99
mm CL are mostly multiparous females. The locations of larval settlements were taken to be the

places where 325 degree-days were estimated to have been reached. To estimate larval
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durations, monthly sea surface temperatures for each year from 1967 to 2002 were estimated for
grids of 1 degree longitude and 0.5 degree latitude in the eastern Bering Sea based on the
Comprehensive Ocean-Atmosphere Dataset (COADS) from the National Climate Data Center
(NCDC). To demonstrate the larval drift tracking for different locations and years, Zheng and Kruse
(2008) also simulated the RKC larval drifts in 1975, 1987, and 2004 for two months starting at three
locations —— south, middle and north — representing hatching locations of larvae from the southern,
middle and northern range of the mature female distribution.

RKC larval drifts were similar among three years (1975, 1987 and 2004) but very different
among different hatching locations (Figure 45). At southern and middle locations, larvae generally
drifted to the northeast, and at the northern location, larvae drifted to the north or northwest. Larvae
hatched in the southern location were estimated to reach central Bristol Bay, whereas larvae
hatched in central Bristol Bay were estimated to settle in the northernmost reaches of Bristol Bay.
Owing to prevailing currents, larvae hatched in central and northern Bristol Bay are very unlikely to
settle in the southern portions of Bristol Bay (Figure 45).

Settling locations appear to have an important impact on resultant year-class strength for
Bristol Bay RKC (Figure 46). For years with strong year classes, crab larvae were generally
estimated to have settled in the central portion of Bristol Bay (Zheng and Kruse 2008). Because the
simulations started at the centers of the annual distribution of the brood stock, larval settling
locations from these years likely also represent the centers of a broader distribution of settling
larvae that are well dispersed from south to north along the shallow shelf of Bristol Bay. Larvae
associated with weak year-classes generally settled farther downstream in northern Bristol Bay or
to the northwest outside of Bristol Bay. Occasionally, larvae hatched in the southern Bristol Bay
settled there. Larvae hatching in the middle or later portion of the hatching period may contribute
disproportionately to subsequent recruitment; early hatching larvae had longer larval stages and
were dispersed farther downstream from the hatching locations than those hatched late in a
spawning season (Figure 46).

The simulation results by Zheng and Kruse (2008) show that the northward shifts in mature
female distributions made it very difficult to supply larvae to the southern portions of their traditional
nursery areas. This reduces the number of suitable habitats to which larvae are delivered
(Armstrong et al. 1983; Loher 2001) and may affect recruitment strength. Perhaps this has

contributed to long-term decline in recruitment and subsequent mature biomass of Bristol Bay RKC.

29

NPFMCCrab Plan TeamSAFE
Pagel05



2008 CRABSAFE

ACKNOWLEDGMENTS
We thank Doug Woodby and the Crab Plan Team for reviewing the earlier draft of this
manuscript. This report is funded in part by a cooperative agreement from the National Oceanic
and Atmospheric Administration. The views expressed herein are those of the author and do not

necessarily reflect the views of NOAA or any of its sub-agencies.

REFERENCES

Alaska Department of Fish and Game (ADF&G). 2005. Commercial king and Tanner crab fishing
regulations, 2005-2006. Alaska Department of Fish and Game, Division of Commercial
Fisheries, Juneau. 162 pp.

Armstrong, D.A., L.S. Incze, D. Wencker, and J.L. Armstrong. 1983. Distribution and abundance of
decapod crustacean larvae in the southeastern Bering Sea with emphasis on commercial
species. U.S. Department of Commerce, NOAA, NOS, Anchorage, Alaska. 386 pp.

Balsiger, J.W. 1974. A computer simulation model for the eastern Bering Sea king crab. Ph.D.
dissertation, Univ. Washington, Seattle, WA. 198 pp.

Bienfang, P.K., and D.A. Ziemann. 1995. APPRISE: A multi-year investigation of environmental
variation and its effects on larval recruitment. Pages 483-487 In R.J. Beamish (ed.). Climate
change and northern fish populations. Can. Spec. Publ. Fish. Aquat. Sci. 121.

Blau, S.F. 1986. Recent declines of red king crab (Paralithodes camtschatica) populations and
reproductive conditions around the Kodiak Archipelago, Alaska. Pages 360-369 In G. S.
Jamieson and N. Bourne (eds). North Pacific Workshop on stock assessment and
management of invertebrates. Can. Spec. Publ. Fish. Aquat. Sci. 92.

Bowers, F.R., M. Schwenzfeier, S. Coleman, B. Failor-Rounds, K. Milani, K. Herring, M.
Salmon, and M. Albert. 2008. Annual management report for the commercial and
subsistence shellfish fisheries of the Aleutian Islands, Bering Sea and the westward
region’s shellfish observer program, 2006/07. Alaska Department of Fish and Game,
Fishery Management Report No. 08-02, Anchorage. 230 pp.

Burt, R.,, and D.R. Barnard. 2006. Alaska Department of Fish and Game summary of the 2004
mandatory shellfish observer program database for the general and CDQ fisheries. Alaska
Department of Fish and Game, Fishery Data Series No. 06-03, Anchorage.

Gray, G.W. 1963. Growth of mature female king crab Paralithodes camtschatica (Tilesius).
Alaska Dept. Fish and Game, Inf. Leafl. 26. 4 pp.

30

NPFMCCrab Plan TeamSAFE
Pagel06



CRABSAFE 2008

Hare, S.R., and N.J. Mantua. 2000. Empirical evidence for North Pacific regime shifts in 1977 and
1989. Progress in Oceanography 47:103—145.

Hollowed, A.B., and W.S. Wooster. 1992. Variability of winter ocean conditions and strong year
classes of Northeast Pacific groundfish. ICES Mar. Sci. Symp. 195:433-444.

Hoopes, D.T., J.F. Karinen, and M. J. Pelto. 1972. King and Tanner crab research. Int. North Pac.
Fish. Comm. Annu. Rep. 1970:110-120.

Hsu, C-C. 1987. Spatial and temporal distribution patterns of female red king crabs in the
southeastern Bering Sea. Ph.D. dissertation, University of Washington, Seattle, WA. 300
pp-

lanelli, J.N., S. Barbeaux, G. Walters, and N. Williamson. 2003. Eastern Bering Sea walleye Pollock
stock assessment. Pages 39-126 In Stock assessment and fishery evaluation report for the
groundfish resources of the Bering Sea/Aleutian Islands regions. North Pacific Fishery
Management Council, Anchorage.

Jackson, P.B. 1974. King and Tanner crab fishery of the United States in the Eastern Bering Sea,
1972. Int. North Pac. Fish. Comm. Annu. Rep. 1972:90-102.

Koslow, J.A., K.R. Thompson, and W. Silvert. 1987. Recruitment to northwest Atlantic cod (Gadus
morhua) and haddock (Melanogrammus aeglefinus) stocks: influence of stock size and
climate. Can. J. Fish. Aquat. Sci. 44.:26-39.

Lang, G.M, C.W. Derrh, and P.A. Livingston. 2003. Groundfish food habits and predation on
commercially important prey species in the eastern Bering Sea from 1993 to 1996. Alaska
Fisheries Science Center, Processed Rep. 2003-04. National Marine Fisheries Service,
National Oceanic and Atmospheric Administration, 7600 Sand Point Way NE, Seattle, WA
99115. 351 pp.

Livingston, P.A. 1989. Interannual trends in Pacific cod, Gadus macrocephalus, predation on three
commercially important crab species in the eastern Bering Sea. Fishery Bulletin (U.S.), 87,
807-827.

Livingston, P.A., editor. 1991. Groundfish food habits and predation on commercially important prey
species in the eastern Bering Sea from 1984 to 1986. NOAA Technical Memorandum
NMFS- AFSC-207, Seattle, WA. 240 pp.

Livingston, P.A., and Y. deReynier. 1996. Groundfish food habits and predation on commercially
important prey species in the eastern Bering Sea from 1990 to 1992. Alaska Fisheries

Science Center, Processed Rep. 96-04. National Marine Fisheries Service, National

31

NPFMCCrab Plan TeamSAFE
PagelQ7



2008 CRABSAFE

Oceanic and Atmospheric Administration, 7600 Sand Point Way NE, Seattle, WA 99115.
214 pp.

Livingston, P.A., A. Ward, G.M. Lang, and M.-S. Yang. 1993. Groundfish food habits and predation
on commercially important prey species in the eastern Bering Sea from 1987 to 1989.
NOAA Technical Memorandum NMFS- AFSC-11, Seattle, WA. 192 pp.

Loher, T. 2001. Recruitment variability in southeast Bering Sea red king crab (Paralithodes
camtschaticus): The roles of early juvenile habitat requirements, spatial population structure,
and physical forcing mechanisms. Ph. D. dissertation. University of Washington, Seattle,
WA. 436 pp.

Loher, T., D.A. Armstrong, and B.G. Stevens. 2001. Growth of juvenile red king crab (Paralithodes
camtschaticus) in Bristol Bay (Alaska) elucidated from field sampling and analysis of trawl-
survey data. Fish. Bull. 99:572-587.

McCaughran, D.A., and G.C. Powell. 1977. Growth model for Alaskan king crab (Paralithodes
camtschatica). J. Fish. Res. Board Can. 34:989-995.

North Pacific Fishery Management Coucil (NPFMC). 2007. Environmental assessment for
proposed amendment 24 to the fishery management plan for Bering Sea and Aleutian
Islands king and Tanner crabs to revise overfishing definitions. A review draft.

Overland, J.E., J.M. Adams, and N.A. Bond. 1999. Decadal variability of the Aleutian Low and its
relation to high-latitude circulation. J. Climate 12:1542-1548.

Parma, A.M. 1993. Retrospective catch-at-age analysis of Pacific halibut: implications on
assessment of harvesting policies. Pages 247-266 In G. Kruse, D.M. Eggers, R.J. Marasco,
C. Pautzke, and T.J. Quinn Il (eds.). Proceedings of the international symposium on
management strategies for exploited fish populations. University of Alaska Fairbanks,
Alaska Sea Grant Rep. 90-04.

Paul, A.J., and J.M. Paul. 1980. The effect of early starvation on later feeding success of king crab
zoea. J. Exp. Biol. Ecol. 44:247-251.

Paul, J.M., and A.J. Paul. 1990. Breeding success of sublegal size male red king crab Paralithodes
camtschatica (Tilesius, 1815) (Decapopa, Lithodidae). J. Shellfish Res. 9:29-32.

Paul, AJ., J.M. Paul, and K.O. Coyle. 1989. Energy sources for first-feeding zoea of king crab
Paralithodes camtschatica (Tilesius) (Decapoda, Lithodidae). J. Exp. Mar. Biol. Ecol.
130:55-69.

Pengilly, D., S.F. Blau, and J.E. Blackburn. 2002. Size at maturity of Kodiak area female red king
crab. Pages 213-224 In A.J. Paul, E.G. Dawe, R. Elner, G.S. Jamieson, G.H. Kruse, R.S.

32

NPFMCCrab Plan TeamSAFE
Pagel08



CRABSAFE 2008

Otto, B. Sainte-Marie, T.C. Shirley, and D. Woodby (eds.). Crabs in Cold Water Regions:
Biology, Management, and Economics. University of Alaska Sea Grant, AK-SG-02-01,
Fairbanks.

Pengilly, D., and D. Schmidt. 1995. Harvest strategy for Kodiak and Bristol Bay red king crab and
St. Matthew Island and Pribilof Islands blue king crab. Alaska Dep. Fish and Game, Comm.
Fish. Manage. and Dev. Div., Special Publication 7. Juneau, AK. 10 pp.

Phinney, D.E. 1975. United States fishery for king and Tanner crabs in the eastern Bering Sea,
1973. Int. North Pac. Fish. Comm. Annu. Rep. 1973: 98-109.

Powell, G.C. 1967. Growth of king crabs in the vicinity of Kodiak, Alaska. Alaska Dept. Fish and
Game, Inf. Leafl. 92. 106 pp.
Reeves, J.E., R.A. Macintosh, and R.N. McBride. 1977. King and snow (Tanner) crab research in
the eastern Bering Sea, 1974. Int. North Pac. Fish. Comm. Annu. Rep. 1974:84-87.
Schmidt, D., and D. Pengilly. 1990. Alternative red king crab fishery management practices:
modelling the effects of varying size-sex restrictions and harvest rates, p.551-566. /In Proc.
Int. Symp. King & Tanner Crabs, Alaska Sea Grant Rep. 90-04.

Shepherd, J.G., J.G. Pope, and R.D. Cousens. 1984. Variations in fish stocks and hypotheses
concerning their links with climate. Rapp. P.-v Reun. Cons. int. Explor. Mer 185:255-267.

Stevens, B.G., R.A. Maclntosh, and J.A. Haaga. 1991. Report to industry on the 1991 eastern
Bering Sea crab survey. Alaska Fisheries Science Center, Processed Rep. 91-17. 51 pp.
NMFS, NOAA, 7600 Sand Point Way NE, Seattle, WA 99115.

Weber, D.D. 1967. Growth of the immature king crab Paralithodes camtschatica (Tilesius). Int.
North Pac. Fish. Comm. Bull. 21:21-53.

Weber, D.D., and T. Miyahara. 1962. Growth of the adult male king crab, Paralithodes
camtschatica (Tilesius). Fish. Bull. U.S. 62:53-75.

Weinberg, K.L., R.S. Otto, and D.A. Somerton. 2004. Capture probability of a survey trawl for red
king crab (Paralithodes camtschaticus). Fish. Bull. 102:740-749.

Zheng, J. 2005. A review of natural mortality estimation for crab stocks: data-limited for every
stock? Pages 595-612 in G.H. Kruse, V.F. Gallucci, D.E. Hay, R.l. Perry, R.M. Peterman,
T.C. Shirley, P.D. Spencer, B. Wilson, and D. Woodby (eds.). Fisheries Assessment and
Management in Data-limite Situation. Alaska Sea Grant College Program, AK-SG-05-02,
Fairbanks.

Zheng. J., and G.H. Kruse. 2000. Recruitment patterns of Alaskan crabs and relationships to

decadal shifts in climate and physical oceanography. ICES J. Mar. Sci. 57:438-451.

33

NPFMCCrab Plan TeamSAFE
Pagel09



2008 CRABSAFE

Zheng, J., and G.H. Kruse. 2002a. Retrospective length-based analysis of Bristol Bay red king
crabs: model evaluation and management implications. Pages 475-494 In A.J. Paul, E.G.
Dawe, R. Elner, G.S. Jamieson, G.H. Kruse, R.S. Otto, B. Sainte-Marie, T.C. Shirley, and
D. Woodby (eds.). Crabs in Cold Water Regions: Biology, Management, and Economics.
University of Alaska Sea Grant, AK-SG-02-01, Fairbanks.

Zheng, J., and G.H. Kruse. 2002b. Assessment and management of crab stocks under uncertainty
of massive die-offs and rapid changes in survey catchability. Pages 367-384 In A.J. Paul,
E.G. Dawe, R. Elner, G.S. Jamieson, G.H. Kruse, R.S. Otto, B. Sainte-Marie, T.C. Shirley,
and D. Woodby (eds.). Crabs in Cold Water Regions: Biology, Management, and
Economics. University of Alaska Sea Grant, AK-SG-02-01, Fairbanks.

Zheng, J., and G.H. Kruse. 2006. Recruitment variation of eastern Bering Sea crabs: climate-
forcing or top-down effects? Prog. Oceanography, 68: 184-204.

Zheng, J. and G.H. Kruse. 2008. Crab larval advection and recruitment in the eastern Bering Sea.
A manuscript.

Zheng, J., M.C. Murphy, and G.H. Kruse. 1995a. A length-based population model and stock-
recruitment relationships for red king crab, Paralithodes camtschaticus, in Bristol Bay,
Alaska. Can. J. Fish. Aquat. Sci. 52:1229-1246.

Zheng, J., M.C. Murphy, and G.H. Kruse. 1995b. Updated length-based population model and
stock-recruitment relationships for red king crab, Paralithodes camtschaticus, in Bristol Bay,
Alaska. Alaska Fish. Res. Bull. 2:114-124.

Zheng, J., M.C. Murphy, and G.H. Kruse. 1996. Overview of population estimation methods and
recommended harvest strategy for red king crabs in Bristol Bay. Alaska Department of Fish
and Game, Reg. Inf. Rep. 5J96-04, Juneau, Alaska. 37 pp.

Zheng, J. M.C. Murphy, and G.H. Kruse. 1997a. Analysis of the harvest strategies for red king crab,
Paralithodes camtschaticus, in Bristol Bay, Alaska. Can. J. Fish. Aquat. Sci. 54:1121-1134.

Zheng, J. M.C. Murphy, and G.H. Kruse. 1997b. Alternative rebuilding strategies for the red king
crab Paralithodes camtschaticus fishery in Bristol Bay, Alaska. J. Shellfish Res. 16:205-217.

Ziemann, D.A., L.D. Conquest, M. Olaizola, and P.J. Bienfang. 1991. Interannual variability in the
spring phytoplankton bloom in Auke Bay, Alaska. Mar. Biol. 109:321-334.

34

NPFMCCrab Plan TeamSAFE
PagellO



CRABSAFE 2008

Table 1. Bristol Bay red king crab annual catch and bycatch mortality biomass (million
Ibs) from June 1 to May 31. A handling mortality rate of 20% for pot and 80% for trawl
was assumed to estimate bycatch mortality biomass.

Retained Catch Pot Bycatch Trawl Total
Year U.S.  Cost-recovery Foreign Toftal Males Females Bycatch Catch
1960 0.600 26.898 27.498 27.498
1961 0.427 44.592 45.019 45.019
1962 0.068 54.275 54.343 54.343
1963 0.653 54.963 55.616 55.616
1964 0.823 58.170 58.993 58.993
1965 1.429 41.294 42.723 43.410
1966 0.997 42.356 43.353 44732
1967 3.102 33.636 36.738 38.430
1968 8.686 27.469 36.155 34.523
1969 10.403 14.383 24.786 24.463
1970 8.559 12.984 21.543 20.516
1971 12.946 6.134 19.080 20.459
1972 21.745 4.720 26.465 27.296
1973 26.914 0.228 27.142 24167
1974 42.266 0.476 42.742 42.742
1975 51.326 0.000 51.326 51.326
1976 63.920 0.000 63.920 1.426 65.346
1977 69.968 0.000 69.968 2.685 72.653
1978 87.618 0.000 87.618 2.757 90.375
1979 107.828 0.000 107.828 2.783 110.611
1980 129.948 0.000 129.948 2135 132.083
1981 33.591 0.000 33.591 0.448 34.039
1982 3.001 0.000 3.001 1.201 4.202
1983 0.000 0.000 0.000 0.885 0.885
1984 4.182 0.000 4.182 2.316 6.498
1985 4175 0.000 4.175 0.829 5.004
1986 11.394 0.000 11.394 0.432 11.825
1987 12.289 0.000 12.289 0.311 12.600
1988 7.388 0.000 7.388 1.174 8.561
1989 10.265 0.000 10.265 0.374 10.638
1990 20.362 0.081 0.000 20.443 1.139 1.154 0.501 23.237
1991 17.178 0.206 0.000 17.384 0.881 0.142 0.576 18.982
1992 8.043 0.074 0.000 8.117 1.191 0.780 0.571 10.659
1993 14.629 0.053 0.000 14.682 1.649 1.133 0.836 18.300
1994 0.000 0.093 0.000 0.093 0.000 0.000 0.180 0.274
1995 0.000 0.080 0.000 0.080 0.000 0.000 0.213 0.293
1996 8.406 0.108 0.000 8.514 0.356 0.002 0.238 9.109
1997 8.756 0.155 0.000 8.911 0.528 0.034 0.168 9.641
1998 14.757 0.188 0.000 14.946 2.074 1.547 0.355 18.922
1999 11.670 0.186 0.000 11.856 0.679 0.015 0.408 12.958
2000 8.154 0.086 0.000 8.241 0.779 0.078 0.230 9.328
2001 8.403 0.120 0.000 8.523 0.902 0.309 0.330 10.065
2002 9.570 0.096 0.000 9.666 0.956 0.013 0.245 10.881
2003 15.697 0.034 0.000 15.731 1.945 0.709 0.298 18.682
2004 15.245 0.202 0.000 15.447 0.746 0.338 0.277 16.807
2005 18.309 0.209 0.000 18.518 2.923 0.879 0.403 22.723
2006 15.444 0.304 0.000 15.748 1.199 0.067 0.205 17.220
2007 20.366 0.146 0.000 20.512 2.150 0.330 0.233 23.225
35
NPFMC Crab Plan TeamSAFE

Pagelll



2008

CRABSAFE

Table 2. Comparison of GHL/TAC and actual catch (million Ibs) of Bristol Bay red king

crab.
GHL Actual
Year Range Mid-point Catch Rel.Error %Rel.Error
1980 70-120 95.00 129.95 34.95 36.79
1981 70-100 85.00 33.59 -51.41 -60.48
1982 10-20 15.00 3.00 -12.00 -79.99
1983 0 0.00 0.00 NA NA
1984 2.5-6 4.25 418 -0.07 -1.59
1985 3-5 4.00 4.18 0.18 4.38
1986 6-13 9.50 11.39 1.89 19.94
1987 8.5-17.7 13.10 1229 -0.81 -6.19
1988 7.50 739 -0.11 -1.50
1989 16.50 10.26 -6.24 -37.79
1990 17.10 20.36 3.26 19.08
1991 18.00 17.18 -0.82 -4.57
1992 10.30 8.04 -226 -21.91
1993 16.80 14.63 -2.17 -12.93
1994 0.00 0.00 0.00
1995 0.00 0.00 0.00
1996 5.00 8.41 3.41 68.11
1997 7.00 8.76 1.76 25.09
1998 16.40 1476 -1.64 -10.02
1999 10.66 11.67 1.01 9.48
2000 8.35 8.15 -0.20 -2.34
2001 7.15 8.40 1.25 17.52
2002 9.27 9.57 0.30 3.24
2003 15.71 1570 -0.01 -0.08
2004 15.40 15.25 -0.15 -1.00
2005 18.33 18.31 -0.02 -0.11
2006 1553 1544  -0.08 -0.53
2007 20.38 20.37 -0.02 -0.08
Total 461.23 431.38 -29.85 -6.47
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Table 3. Annual sample sizes for catch by length and shell condition for retained catch
and bycatch of Bristol Bay red king crab.

Trawl Survey Retained

Pot Bycatch

Trawl Bycatch

Year Males Females Catch Males Females Males Females
1968 3,684 2,165 18,044
1969 6,144 4992 22812
1970 1,546 1,216 3,394
1971 10,340
1972 1,106 767 15,046
1973 1,783 1,888 11,848
1974 2,505 1,800 27,067
1975 2,943 2,139 29,570
1976 4,724 2956 26,450 2,327 676
1977 3,636 4,178 32,596 14,014 689
1978 4,132 3,948 27,529 8,983 1,456
1979 5,807 4,663 27,900 7,228 2,821
1980 2,412 1,387 34,747 47,463 39,689
1981 3,478 4,097 18,029 42,172 49,634
1982 2,063 2,051 11,466 84,240 47,229
1983 1,524 944 0 204,464 104,910
1984 2,679 1,942 4,404 357,981 147,134
1985 792 415 4,582 169,767 30,693
1986 1,962 367 5773 62,023 20,800
1987 1,168 1,018 4,230 60,606 32,734
1988 1,834 546 9,833 102,037 57,564
1989 1,257 550 32,858 47,905 17,355
1990 858 603 7,218 873 699 5,876 2,665
1991 1,378 491 36,820 1,801 375 2,964 962
1992 513 360 23,552 3,248 2,389 1,157 2,678
1993 1,009 534 32,777 5,803 5,942
1994 443 266 0 0 0 4,953 3,341
1995 2,154 1,718 0 0 0 1,729 6,006
1996 835 816 8,896 230 1 24,583 9,373
1997 1,282 707 15,747 4,102 906 9,035 5,759
1998 1,097 1,150 16,131 11,079 9,130 25,051 9,594
1999 820 540 17,666 1,048 36 16,653 5,187
2000 1,278 1,225 14,091 8,970 1,486 36,972 10,673
2001 611 743 12,854 9,102 4,567 56,070 32,745
2002 1,032 896 15,932 9,943 302 27,705 25,425
2003 1,669 1,311 16,212 17,998 10,327 281 307
2004 2,871 1,599 20,038 8,258 4,112 137 120
2005 1,283 1,682 21,938 55,019 26,775 186 124
2006 2,321 2672 18,027 29,383 3,594 217 168
2007 2,252 2499 22387 58,097 12,411 1,981 2,880
2008 2,362 3,352
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Table 4. Annual catch (million crabs) and catch per unit effort of the Bristol Bay red king

crab fishery.
Japanese Tanglenet _Russian Tanglenet U.S. Pot/trawl Standardized
Year Catch _ Crabs/tan Catch  Crabs/tan Catch Crabs/potlift  Crabs/tan
1960 1.949 15.2 1.995 10.4 0.088 15.8
1961 3.031 11.8 3.441 8.9 0.062 12.9
1962 4.951 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 7.7
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 1.5 1.749 18 5.6
1970 2.080 7.3 0.320 1.4 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 3.131 28
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Table 5. Summary of statistics for the model

Parameter counts

Fixed growth parameters 36
Fixed length-weight relationship parameters 6
Fixed mortality parameters 3
Fixed survey catchability parameters 2
Fixed highgrading parameters 3
Fixed initial (1985) length composition parameters 56
Total number of fixed parameters 106
Free growth parameters 4
Initial abundance (1985) 1
Recruitment-distribution parameters 2
Mean recruitment parameters 1
Male recruitment deviations 23
Female recruitment deviations 23
Fishing mortality parameters 3
Pot male fishing mortality deviations 23
Pot female bycatch fishing mortality deviations 16
Trawl bycatch fishing mortality deviations 23
Free selectivity parameters 12
Total number of free parameters 131
Total number of fixed and free parameters 237
Negative likelihood components

Length compositions---retained catch -623.922
Length compositions---pot male discard -663.566
Length compositions---pot female discard -1463.220
Length compositions---trawl discard -1319.990
Length compositions---survey -31361.600
Retained catch biomass 6.343
Pot discard male biomass 58.636
Pot discard female biomass 26.202
Trawl discard 0.572
Survey biomass 1713.440
Recruitment variation 94.707
Sex ratio of recruitment 0.026
Total -33532.400
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Table 6. Summary of model parameter estimates for Bristol Bay red king crab. CVs are for
recruits. Values in parenthesis are standard deviation.

F for Pot Fishery F for Trawl

Recruits (million crabs)

Year Males Female Fishery Discard Males CV Females CcVv
1985 0.4340 0.0222 NA NA

1986 0.5921 0.0127 14.905 0.04 14.529 0.05
1987 0.4536 0.0074 6.922 0.08 6.783 0.09
1988 0.1885 0.0204 2.007 0.18 1.675 0.18
1989 0.2165 0.0048 4.734 0.10 2.097 0.18
1990 0.4326 0.0503  0.0091 11.478 0.06 9.124 0.05
1991  0.4084 0.0042  0.0095 6.891 0.06 3.722 0.09
1992 0.2104 0.0244  0.0148 0.605 0.27 0.661 0.25
1993 0.4697 0.0546  0.0175 6.515 0.05 3.730 0.08
1994  0.0000 0.0000  0.0023 0.486 0.27 0.668 0.29
1995 0.0000 0.0000  0.0069 32.175 0.02  33.532 0.03
1996 0.1743 0.0001 0.0024 8.080 0.06 8.289 0.08
1997 0.2049 0.0006  0.0023 0.472 0.28 0.555 0.29
1998 0.4070 0.0264  0.0047 6.762 0.06 7.419 0.09
1999 0.2758 0.0003  0.0059 18.763 0.04 19.421 0.05
2000 0.1559 0.0012  0.0029 5.786 0.10 5.847 0.14
2001 0.1411 0.0045 0.0042 2.313 0.15 6.415 0.12
2002 0.1585 0.0002  0.0031 32.550 0.03 41.118 0.03
2003 0.2609 0.0084 0.0036 5.531 0.12 5.749 0.13
2004 0.2658 0.0048  0.0023 16.461 0.09 18.420 0.06
2005 0.3902 0.0085 0.0029 30.063 0.04  35.930 0.04
2006 0.2849 0.0006  0.0025 11.334 0.08 7.299 0.12
2007 0.3478 0.0028  0.0021 4.799 0.14 4.126 0.17
2008 1.384 0.28 2.399 0.29

Growth B: males: 1.5323 (0.0815), females: 1.5915 (0.1314);

Recruits B: males: 0.6569 (0.0605), females: 0.7014 (0.0441);
Molting: L50: 137.890 (0.3904), 8: 0.0841 (0.0029);

Total abundance in 1985: 68.7214 (0.9232) million crabs;

Retained selectivity: L50: 138.110 (0.2162), B: 0.4761 (0.0213);
Pot disc. female selectivity: L50: 81.776 (0.6846), B: 0.4343 (0.1255);
Pot disc. male selectivity parameters:

@: -0.2337 (0.0136), k: 0.0027 (0.0001), . -0.0115 (0.006);
Groundfish trawl disc. selectivity: L50: 145.960 (5.6542), 3: 0.0587 (0.0036);
Trawl survey male selectivity: L50: 88.817 (1.4463);
Trawl survey female selectivity: L50: 79.602 (0.8110);
Trawl survey selectivity: 8: 0.0551 (0.0027).
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Table 7. Annual abundance estimates (million crabs), mature male biomass (MMB,
million Ibs), and total survey biomass estimates (million Ibs) for red king crab in Bristol
Bay estimated by length-based analysis from 1985-2008. Mature male biomass for year

tis on Feb. 15, year t+1. Size measurements are mm CL.

Males Females Total Survey Biomass
Year Mature Legal MMB Mature Model Est. Area-swept
(t) (=119mm) (>134mm) (>119mm) (>89mm) (>64mm) (>64mm)
1985 9.580 2970 29.062 11.278 74.242 78.508
1986 13.746 5.721 40.009 17.261 96.446 89.315
1987 15.931 7.537  49.821 21.362 108.208 159.118
1988 16.494 9.115  60.601 25.261 113.837  105.753
1989 17.798 10.679  66.962 25.243 119.570 134.613
1990 17.897 11.541 59.941 22.787 121.499  123.130
1991 14.210 10.049 49298 21.192 109.510 122.278
1992 11.461 8.099 46.104  22.159 99.759 82.672
1993 12.256 7.592 40420 20.351 98.036  113.721
1994 11.685 6.842 51.720 17.505 85.919 70.864
1995 11.985 8.513 56.786 16.272 103.482 83.599
1996 12.079 9.086 52.229  22.298 120.286 96.806
1997 11.642 8.204  48.693 33.576 128.623 179.703
1998 16.818 8.057  56.528 34.257 136.646  185.235
1999 19.430 9970 69.261 30.685 140.408 134.722
2000 17.513 11.814  71.168 33.237 144.663  142.995
2001 16.338 11.783  69.760 37.230 149.316  108.835
2002 18.434 11.507  75.800 36.442 166.022  160.326
2003 19.237 12485 74.213  43.458 177.963 214.796
2004 17.553 12.032  68.247 53.631 187.427 221.664
2005 21.103 11.411 72.329 54.813 206.665 224.195
2006 22.470 12.506  81.235 61.775 217.835 198.799
2007 23.789 13.901 83.100 68.724 229.062 225.780
2008 27.471 14.564  95.584 64.220 227.244  235.723
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Table 8. Comparison of projected mature male biomass (million Ibs) on Feb. 15, retained catch
(million Ibs), their 95% limits, and mean fishing mortality with no directed fishery, F40%, F3s%, and
ADF&G harvest strategy with F3s9, constraint during 2008-2017.

No directed fishery

Year MMB 95% limits of MMB  Catch 95% limits of catch Mean F
2008 116.202 112.204 120.406 0 0 0 0
2009 143.486 138.549 148.676 0 0 0 0
2010 153.376 148.101 158.919 0 0 0 0
2011 151.045 145455 157.102 0 0 0 0
2012 150.017 136.958 171.109 0 0 0 0
2013 154.485 127.329 202.063 0 0 0 0
2014 161.403 118.720 220.974 0 0 0 0
2015 168.243 113.310 239.856 0 0 0 0
2016 173.957 111.725 254.114 0 0 0 0
2017 179.380 108.490 266.927 0 0 0 0

Fao%
2008 99.362 95.944 102.957 16.507 15.939 17.104 0.260
2009 107.966 104.251 111.871 19.403 18.736 20.105 0.260
2010 99.940 96.503 103.550 21.115 20.388 21.878 0.260
2011 83.671 80.170 87.774 19.968 19.284 20.697 0.260
2012 74.659 65.125 92.573 16.091 14.063 18.049 0.243
2013 74.590 54.391 114.145 13.850 9.605 18.559 0.232
2014  77.837 48.306 121.884 13.762 7.156  22.039 0.234
2015 80.965 47.160 131.341 14.409 6.180 23.812 0.236
2016  82.881 46.290 133.481 15.069 5.779  25.666 0.236
2017 84.565 46.198 138.211 15.547 5.685 26.375 0.237

Fas9
2008 95.434 92.150 98.886  20.328 19.629 21.064 0.330
2009 100.614 97.152 104.254 22.895 22.107 23.723 0.330
2010 90.080 86.983 93.334 24.115 23.286 24.988 0.330
2011 73.407 70.915 76.500 21.260 19.916 22.632 0.316
2012 65.684 57.272 81.145 15.790 13.410 19.307 0.276
2013 66.401 47.847 102.167 13.966 9.030 19.916 0.271
2014 69.908 43.003 109.457 14.310 6.815 24173 0.278
2015 72.955 42.286 118.456 15.236 6.085 26.020 0.283
2016 74.608 41936 120.746 16.059 5.757 28.229 0.286
2017 75.979 42.351 122.838 16.593 5.834 28.876 0.288

ADF&G harvest strategy
2008 95580 92.456 98.886  20.664 18.960 21.064 0.327
2009 102.379  99.399 105.266 22.195 19.915  22.852 0.303
2010 96.632 94.010  99.071 19.516 18.127  20.277 0.249
2011 84.318 81.955 87.172 16.584 15.313 17.349 0.215
2012 76.171 67.965 89.883 15.796 12.209 20.530 0.226
2013 74.583 57.140 108.066 15.853 8.853  22.126 0.253
2014 76.265 50.291 113.400 15.896 6.988  25.563 0.262
2015 78.410 47.550 121.062 16.029 5.389 27.014 0.260
2016 79.844 46.253 123.963 16.195 5.059 28.714 0.256
2017 81.313 47.453 126.263 16.386 4.833 29.367 0.254
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Table 9. List of years, survey stations, dates and red king crab sizes founded in
groundfish stomachs during NMFS summer trawl surveys.
females, mostly mature females. (Source: G.M. Lang, NMFS, Seattle).

YEAR
1984
1984
1981
1981
1981
1981
1981
1981
1981
1985
1986
1989
1989
1991
1992
1992
1992
1992
1992
1985
1992
1992
1992
1992
1992
2000
2002

RLAT
57.99
57.33
57.34
57.34
56.69
56.69
57.01
57.99
57.99
56.95
57.67
56.17
56.17
57.00
57.32
57.32
57.32
57.32
56.67
56.42
56.67
57.32
57.32
57.32
57.32
56.00
57.68

RLONG STATION

-160.87
-162.16
-162.13
-162.13
-161.00
-161.00
-160.95
-160.87
-160.87
-159.85
-161.49
-161.52
-161.52
-159.12
-162.15
-162.15
-162.15
-162.15
-160.99
-161.58
-160.99
-162.15
-162.15
-162.15
-162.15
-162.25
-160.27

J-12
H-10
H-10
H-10
F-12
F-12
G-12

J-12

J-12
G-14

I-11
D-11
D-11
G-15
H-10
H-10
H-10
H-10
F-12
E-11
F-12
H-10
H-10
H-10
H-10
D-10

I-13

DATE
6/13/1984
6/14/1984
5/29/1981
5/29/1981

6/1/1981
6/1/1981
6/1/1981
6/21/1981
6/21/1981
10/29/1985
6/7/1986
6/4/1989
6/4/1989
6/8/1991
6/9/1992
6/9/1992
6/9/1992
6/9/1992
6/7/1992
4/25/1985
6/7/1992
6/9/1992
6/9/1992
6/9/1992
6/9/1992
5/28/2000
6/3/2002
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PRED LEN
92
79
67
67
66
69
69
51
62
85
89
95
95
56
98
98
98
97
89
82
89
98
98
98
97
75
70

All identified crabs are

RKC CL(mm)
110
130
121
106
100

53
160
91
95
52
91
84
99
17
101
87
95
117
144
94
144
101
87
95
117
120
125
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Table 10. Summary of red king crab biomass (million Ibs) in Bristol Bay that were
consumed by groundfish during late May to September. Pacific cod is the main
predator. (Source: G.M. Lang, NMFS, Seattle).

Year Red king crab biomass

1984 3.719
1985 0.000
1986 14.457
1987 7.403
1988 0.000
1989 0.203
1990 1.853
1991 0.039
1992 4.488
1993 3.833
1994 1.545
1995 0.993
1996 0.000
1997 0.000
1998 2.192
1999 1.718
2000 1.199
2001 0.000
2002 2.008
2003 0.000
2004 0.000
2005 11.677
44
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Mature Harvest Rate

PSC =
197,000 crabs
0.157
PSC =
97,000 crabs
0.1 -
Thresholds: 8.4 millions of females >89 mm CL &
4 million Ibs of guideline harvest level
PSC =
32,000 crabs
0 14.5 55.0

Effective Spawning Biomass (million Ibs)

Figure 1. Current harvest rate strategy (line) for the Bristol Bay red king crab fishery
and annual prohibited species catch (PSC) limits (numbers of crabs) of Bristol Bay
red king crabs 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. Retained catch biomass and bycatch mortality biomass (million Ibs) for Bristol
Bay red king crab from 1960 to 2007. Handling mortality rates were assumed to be 0.2
for the directed pot fishery and 0.8 for the trawl fisheries.
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Figure 3. Comparison of survey legal male abundances and catches per unit effort for
Bristol Bay red king crab from 1968 to 2007.
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Figure 4. Survey abundances by length for male Bristol Bay red king crabs from 1968 to 2008.
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Figure 5. Survey abundances by length for female Bristol Bay red king crabs from 1968 to 2008.
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Figure 6. Comparison of survey abundance estimates by NMFS and ADF&G for Bristol
Bay red king crab from 1975 to 2008.
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Figure 7. Comparison of area-swept estimates of abundance in 32 stations from the
standard trawl survey and resurvey in 2008.
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Figure 8. Estimated capture probabilities for Bristol Bay red king crab trawl survey by
Weinberg et al. (2004).
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Figure 9. Mean growth increments per molt for Bristol Bay red king crab. Note:
“tagging’---based on tagging data; “mode”---based on modal analysis.
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Figure 10. Histograms of carapace lengths (CL) and CL ratios of males to females for
male shell ages <13 months of red king crab males in grasping pairs; Powell's Kodiak
data. Upper plot: all locations and years pooled; middle plot: location 11; lower plot:
locations 4 and 13. Sizes at maturity for Kodiak red king crab are about 15 mm larger
than those for Bristol Bay red king crab. (Source: Doug Pengilly, ADF&G).
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Figure 11. Observed and predicted catch mortality biomass. Mortality biomass is equal
to caught biomass times a handling mortality rate. Pot handling mortality rate is 0.2.
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Figure 12. Comparisons of area-swept estimates of total survey biomass, mature male
(>119 mm) and mature female (>89 mm) abundance and model prediction. Pot handling
mortality rate is 0.2.
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Figure 13. Comparison of area-swept and model estimated survey length frequencies of
Bristol Bay newshell male red king crabs by year. Pot handling mortality rate is 0.2, and
the first length group is 67.5 mm.
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Figure 14. Comparison of area-swept and model estimated survey length frequencies of
Bristol Bay oldshell male red king crabs by year. Pot handling mortality rate is 0.2, and
the first length group is 67.5 mm.
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Figure 15. Comparison of area-swept and model estimated survey length frequencies of
Bristol Bay female red king crabs by year. Pot handling mortality rate is 0.2, and the

first length group is 67.5 mm.
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Figure 16. Comparison of observed and model estimated retained length frequencies of
Bristol Bay male red king crabs by year in the directed pot fishery. Pot handling

mortality rate is 0.2, and the first length group is 122.5 mm.
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Figure 17. Comparison of observer and model estimated discarded length frequencies
of Bristol Bay male red king crabs by year in the directed pot fishery. Pot handling

mortality rate is 0.2, and the first length group is 67.5 mm.
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Figure 18. Comparison of observer and model estimated discarded length frequencies
of Bristol Bay female red king crabs by year in the directed pot fishery. Pot handling
mortality rate is 0.2, and the first length group is 67.5 mm.
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Figure 19. Comparison of observer and model estimated discarded length frequencies
of Bristol Bay male red king crabs by year in the groundfish trawl fisheries. Pot handling
mortality rate is 0.2, and the first length group is 67.5 mm.
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Figure 20. Comparison of observer and model estimated discarded length frequencies

of Bristol Bay female red king crabs by year in the groundfish trawl fisheries.

handling mortality rate is 0.2, and the first length group is 67.5 mm.
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Figure 21. Estimated trawl survey selectivities, pot fishery selectivities, and groundfish
trawl bycatch selectivities. Pot handling mortality rate is 0.2.
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Figure 22. Comparison of estimated probabilities of molting of male red king crabs in
Bristol Bay for different periods. Molting probabilities for periods 1954-1961 and 1966-
1969 were estimated by Balsiger (1974) from tagging data. Molting probabilities for
1985-2008 were estimated with a length-based model with pot handling mortality rate to
be 0.2.
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Figure 23. Standardized residuals of total survey biomass. Pot handling mortality rate is

0.2.
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Figure 24. Standardized residuals of proportions of survey newshell male red king
crabs. Solid circles are positive residuals, and open circles are negative residuals. Pot
handling mortality rate is 0.2.
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Figure 25. Standardized residuals of proportions of survey oldshell male red king crabs.
Solid circles are positive residuals, and open circles are negative residuals. Pot
handling mortality rate is 0.2.
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Figure 26. Standardized residuals of proportions of survey female red king crabs. Solid
circles are positive residuals, and open circles are negative residuals.

mortality rate is 0.2.
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Figure 27. Comparison of estimates of legal male abundance (top) and mature males
(bottom) of Bristol Bay red king crab from 1985 to 2008 made with terminal years 2004-
2008. These are results of historical assessments. Legend shows the year in which the
assessment was conducted. Pot handling mortality rate is 0.2.
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Figure 28. Comparison of estimates of legal male abundance (top) and mature male
biomass (bottom) on Feb. 15 of Bristol Bay red king crab from 1985 to 2008 made with
terminal years 2002-2008. These are results of the 2008 model. Legend shows the year in
which the assessment was conducted. Pot handling mortality rate is 0.2.
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Figure 29. Comparison of mature abundance estimates for pot handling mortality rates
of 0.1, 0.2 and 0.4.
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Figure 30. Comparison of legal male abundance estimates and mature male biomass
on Feb. 15 for pot handling mortality rates of 0.1, 0.2 and 0.4.
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Figure 31. Estimated legal male abundances in 2008, F3sy, likelihood profile as a function
of natural mortality.
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Figure 32. Estimated legal male abundance in 2008 and likelihood profiles as a function of
trawl survey catchability. The ratio of male to female survey catchabilities was fixed to

1.1576 for the dotted line.
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Figure 34. Relationships between full fishing mortalities for the directed pot fishery and
mature male biomass on Feb. 15 during 1985-2007. Pot handling mortality rate is 0.2.
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age 5 (i.e., 6-year time lag) for Bristol Bay red king crab with pot handling mortality rate
to be 0.2. Numerical labels are years of mating, and the vertical dotted line is the
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Figure 36. Average clutch fullness and proportion of empty clutches of newshell (shell
conditions 1 and 2) mature female crabs >89 mm CL from 1975 to 2008 from survey
data. Oldshell females were excluded.
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Figure 37. Likelihood profiles for estimated mature male biomass on Feb. 15 and
overfishing limits of retained catch and total catch for the 2008 season with F3s¢,. Pot and
trawl handling mortality rates were assumed to be 0.2 and 0.8, respectively.
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Figure 38. Projected mature male biomass on Feb. 15 with F4¢, F35% and the ADF&G
harvest strategy with F3s59 constraint during 2008-2117. Pot handling mortality rate is

0.2 and the confidence limits are for the ADF&G harvest strategy.
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Figure 39. Projected retained catch biomass on Feb. 15 with Fpy, F35% and the ADF&G
harvest strategy with F3s9 constraint during 2008-2117. Pot handling mortality rate is 0.2

and the confidence limits are for the ADF&G harvest strategy.
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Figure 40. Length frequency distributions of male (top panel) and female (bottom panel)
red king crabs in Bristol Bay from NMFS trawl surveys during 2004-2008. For purposes
of these graphs, abundance estimates are based on area-swept methods.
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Figure 41. Biomass distribution centers of Pacific cod, walleye pollock, yellowfin sole,
Alaska plaice, flathead sole, rock sole, arrowtooth flounder, and skates derived from
NMFS summer trawl survey data in the eastern Bering Sea. (Source: Zheng and Kruse

20086).
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Figure 42. Distributions of relative biomass of Pacific cod in the eastern Bering Sea from
1982 to 2004 derived from NMFS summer trawl survey data. Relative biomass is
expressed as kg/ha. Three depth contour lines are 50, 100, and 200 m. (Source: Zheng

and Kruse 2006).
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Figure 43. Distributions of relative biomass of rock sole and skates in the eastern Bering

Sea from 1982 to 2004 derived from NMFS summer trawl survey data.

Relative

biomass is expressed as kg/ha. Three depth contour lines are 50, 100, and 200 m.

(Source: Zheng and Kruse 2006).
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Figure 44. Geographic distributions of immature and mature female red king crabs from
1972 to 2004 in the eastern Bering Sea derived from NMFS summer trawl survey data.
The diameter of each pie represents crab density expressed as the number of crabs per

square nautical mile.
Zheng and Kruse 2006).
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Figure 45. Larval movements after hatching on May 15, 1975, 1987, and 2004 from
three different locations for Bristol Bay red king crab during two months. (Source:
Zheng and Kruse 2008).
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Figure 46. Estimated settling locations from the distribution centers of Bristol Bay
mature female red king crabs >99 mm CL during 1967-1999. Hatching dates of April
15, May 15, and June 15 are triangles, squares, and circles, respectively. Symbol sizes
are proportional to year-class strength.
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2008 Stock Assessment and Fishery Evaluation Report for the Tanner Crab Fisheries of the
Bering Sea and Aleutian Islands Regions

18 September 2008

L. Rugolo, J. Turnock, and E. Munk
Alaska Fisheries Science Center
NOAA Fisheries

Executive Summary

In 2008, Tanner crab male mature biomass (MMB) and at the time of the survey was estimated at 143.1
million pounds. This represented a 22.7% decrease in mature male biomass relative to 2007. Legal males
were sparsely distributed in 2008 with regions of highest abundance in southern Bristol Bay. The total
abundance index for legal males was 13.1 million crabs which represented a 9% increase over 2007.
Legal males were distributed 69.0% (9.1 million crabs) east and 31.0% (4.1 million crabs) west of 166°
West longitude which compared to 44.5% and 55.5% respectively in 2007. The abundance index for pre-
recruit male crabs declined 16.0%, and that for small males declined 55.1% relative to 2007. Total male
abundance declined 43.2% between 2007 and 2008. Comparison of the 2006-2008 male size frequency
distributions reveal persistently declining abundance across all size ranges, a general failure for modes to
persist inter-annually, and a relatively increasing percentage of old shell crabs in the mature male stock.

In 2008, a single station sampled in southern-most Bristol Bay was a high density station for Tanner male
crab. The legal male abundance estimated at this station (6.1 million crabs) represented 67.8% of all legal
male crab in the Eastern District. It exceeded by 2.1 million the number of legal males in the Western
District, and it comprised 46.7% of all legal males estimated throughout the EBS. Considerable
uncertainty exists in the apparent strength (+9.0%) of the 2008 legal male estimate relative to 2007.

Large female Tanner crab showed a 21.4% decrease over 2007, and these were dominated (71.1%) by old
shell females. Small female Tanner crab declined 38.8% relative to 2007. Total 2008 female abundance
declined 35.9%, and the total abundance of male and female combined declined 43.2% since 2007. The
survey length frequency distributions of female Tanner crab from 2006-2008 reveal consistently declining
abundance across the size modes and the general failure of modes of abundance to persist inter-annually.

Tanner crab is managed as a Tier-4 stock. The proxy Bysy used in the OFL-setting process was Brgr =
189.76 million pounds male mature biomass estimated as the average MMB ins for 1969-80. For Tier-4
stocks, the Fop is derived using and Fopp Control Rule based on the relationship of current mature stock
biomass to a reference biomass proxy for Bysy. Here, Forr = yM. The Amendment 24 and its associated
EA defines a default value of gamma=1.0. Gamma is allowed to be less than or greater than unity
resulting in overfishing limits more or less biologically conservative than fishing at M. However,
Amendment 24 states that y should not be set to a value that would provide less biological conservation
and more risk-prone overfishing definitions without defensible evidence that the stock could support
fishing at levels in excess of M. The resultant overfishing limit for Tier-4 stocks is the Total Catch OFL
that includes expected retained plus discard plus bycatch losses.

The value of M is 0.23 for eastern Bering Sea Tanner crab. For this analysis, gamma was set to 1.0.
Relative to Brgr = 189.8 million pounds, the 2008 estimate of MMB at the time of mating (108.28 million
pounds) represented B/Brgr = 0.571 resulting in and Fop = 0.120.

For the 2008 Tanner crab fishery, we estimated the Total Catch OFL = 15.52 million pounds. Directed
and non-directed losses to MMB in 2008 are estimated to be 7.17 and 2.92 million pounds, respectively.
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After accounting for expected losses to MMB, the projected catch of legal-sized Tanner crab is 5.07
million pounds. The retained part of the catch of legal-sized crab (4.36 million pounds) accounts for
expected directed and non-directed losses to LMB by the fisheries. In comparison to the overfishing
limit, the retained legal catch would comprise 30.2% of the total male mature biomass losses. A
significant component of the Total Catch OFL therefore results from non-targeted losses under current
EBS fisheries.

Expected discard losses of female Tanner crab from the 2008 ground fish fishery and the directed pot
fishery combined was estimated at 1.07 million pounds. Therefore, total expected male plus female
losses in 2008 comprising the Total Catch OFL = 15.521 million pounds. Estimated exploitation rates on
LMB and MMB associated with these projected catches are 0.088 and 0.113 respectively.

Introduction

Scientific name and general distribution

Originally described by Rathbun (1924), Chionoecetes bairdi is one of five species in the genus
Chionoecetes. The taxonomic classification attributable to Garth (1958) has been revised (see
McLaughlin et al. 2005) to include name changes for a number of hierarchical categories:

Class Malacostraca
Order Decapoda
Infraorder Brachyura
Superfamily Majoidea
Family Oregoniidae
Genus Chionoecetes

The common name for C. bairdi of “Tanner crab” (Williams et al. 1989), was recently been modified to
“southern Tanner crab” (McLaughlin et al. 2005). Prior to this change, the term “Tanner crab” has also
been variously used to refer to other members of the genus, or the genus as a whole. Hereafter, the
common name “Tanner crab” will be used in reference to “southern Tanner crab”.

Tanner crabs are generally found in continental shelf waters of the north Pacific. In the east, their range
extends as far south as Oregon (Hosie and Gaumer 1974) and in the west as far south as Hokkaido, Japan
(Kon 1996). The northern extent of their range is in the Bering Sea (Somerton 1981a) where they are
found along the Kamchatka peninsula (Slizkin 1990) to the west and in Bristol Bay to the east.

In the eastern Bering Sea (EBS), the Tanner crab distribution appears to be limited by water temperature
(Somerton 1981a) (Figure 1). C. bairdi is common in the southern half of Bristol Bay, around the Pribilof
Islands, and along the shelf break where water temperatures are generally warmer (Figures 2 and 3). The
southern range of the cold water congener, C. opilio, the snow crab in the EBS is near the Pribilof Islands
(Turnock et al. 2008). The distributions of snow and Tanner crab overlap on the shelf from
approximately 56° to 58°N, and in this area, the two species hybridize (Karinen and Hoopes 1971).

Management units

Fisheries have historically taken place for Tanner crab throughout their range in Alaska, but currently
only the fishery in the Bering Sea is managed under a federal fisheries management plan (FMP). The
FMP defers Bering Sea Tanner crab management to the state of Alaska with federal oversight (Bowers et
al. 2008). The state manages Tanner crab based on registration areas, divided into districts. Under the
FMP, the state can adjust or further subdivide these districts as needed to avoid overharvest in a particular
area, change size limits from other stocks in the registration area, change fishing seasons, or encourage
exploration (NPFMC 1998).
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The Bering Sea District of Tanner crab Registration Area J (Figure 4) includes all waters of the Bering
Sea north of Cape Sarichef at 54° 36’ N lat. and east of the U.S.-Russia Maritime Boundary Line of 1991.
This district is divided into the Eastern and Western Subdistricts at 173° W long. The Eastern Subdistrict
is further divided at the Norton Sound Section north of the latitude of Cape Romanzof and east of 168° W
long. and the General Section to the south and west of the Norton Sound Section (Bowers et al. 2008).

Stock structure

Tanner crabs in the eastern Bering Sea are considered to be a separate stock and distinct from Tanner
crabs in the eastern and western Aleutian Islands (NPFMC 1998). The eastern Bering Sea stock is
managed as a single unit, but may consist of two groups in the east and west that differ biologically (see
Somerton 1981a).

Life history

Reproduction

In most majid crabs, it is thought that the molt to maturity is the final or terminal molt. For Chionoecetes
bairdi specifically it is now generally accepted that both males (Tamone et al. 2007) and females
(Donaldson and Adams 1989) undergo terminal molt. Females terminally molt from their last juvenile, or
pubescent, instar usually while being grasped by a male (Donaldson and Adams 1989). Subsequent
mating takes place annually in a hard shell state (Hilsinger 1976) and after extruding their second clutch
of eggs. While mating involving old-shell adult females has been documented (Donaldson and Hicks
1977), fertile egg clutches can be produced in the absence of males by using stored sperm from the
spermathacae (Adams and Paul 1983, Paul and Paul 1992). At least 2 consecutive egg fertilization events
can follow a single copulation (Paul 1982, Adams and Paul 1983), however, egg viability decreases with
time and age of the stored sperm (Paul 1984).

Maturity in males can be classified either physiologically or morphometrically. Physiological maturity
refers to the presence or absence of spermataphores in the male gonads whereas morphometric maturity
refers to the presence or absence of a large claw (Brown and Powell 1972). During the molt to
morphometric maturity, there is a disproportionate increase in the size of the chelae in relation to the
carapace (Somerton 1981a). While many earlier studies on Tanner crabs assumed that morphometrically
mature male crabs continued to molt and grow, there is now substantial evidence supporting a terminal
molt for males also (Otto 1998, Tamone et al. 2007). A consequence of the terminal molt in male Tanner
crab is that a substantial portion of the population may never reach the legal harvest size (NPFMC 2007).

Although observations are lacking for the eastern Bering Sea, seasonal differences have been observed
between mating periods for pubescent and multiparous Tanner crab females in the Gulf of Alaska (GOA)
and PWS. There, pubescent molting and mating takes place over a protracted period from winter through
early summer, whereas multiparous mating occurs over a relatively short period during mid April to early
June (Hilsinger 1976, Munk et al. 1996, and Stevens 2000). In the eastern Bering Sea egg condition for
multiparous Tanner crabs assessed between April and July 1976 also suggested that hatching and
extrusion of new clutches for this maturity status began in April and ended sometime in mid June
(Somerton 1981a).

Fecundity
A variety of factors affect female Tanner crab fecundity including female size, maturity status

(primiparous vs multiparous), age post terminal molt, and egg loss (NMFS 2004a). Of these factors,
female size is the most important, with estimates of 89 to 424 thousand eggs for EBS females 75 to 124
mm carapace width (CW) respectively (Haynes et al. 1976). Maturity status is another significant factor
affecting fecundity with EBS primiparous females being only ~70% as fecund as equal size multiparous
females (Somerton and Meyers 1983). The number of years post maturity molt, and whether or not, a
female has had to use stored sperm from that first mating can also affect egg counts (Paul 1984, Paul and
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Paul 1992). Additionally, older or senescent females in the EBS often carry small clutches or no eggs at
all suggesting that Tanner crabs may have only 2 or 3 primary reproductive years (NMFS 2004a).
Donaldson et al. (1981) inferred a maximum age of 6 years after terminal molt for female Tanner crab.

Size at Maturity
Somerton (1981b) noted differences in the size of Tanner crab female maturity across its EBS range.

There is no more current information on EBS Tanner crab growth than that provided by Sommerton
(1981Db). For the 5 survey years from 1975 to 1979, east of 167° 15° W longitude, the mean size of
mature females ranged from 92.0 to 93.6 mm CW. West of that longitude, the size of 50% female
maturity ranged from 78.0 to 82.0 mm CW. For harvest strategy purposes, mature females are defined as
females >=80mm CW (Bowers et al. 2008). For male Tanner crab during the same survey years and using
the same longitude to partition the EBS, the estimated size at 50% maturity was 117.0 mm CW east of the
partition, and 108.9 mm CW west of the partition (Somerton 1981b).

Mortality
Due to a lack of reliable age information, Somerton (1981a) estimated mortality separately for individual

EBS cohorts of juveniles (pre recruits) and adults. He felt that because of net selectivity of the survey
sampling gear, that age five Tanner crab (mean CW = 95 mm) were the first cohort to be fully recruited to
the gear; he estimated an instantaneous natural mortality rate of 0.35 for this size class using catch curve
analysis. Using a catch curve model with two different data sets, Somerton then estimated natural
mortality rates of adults (fished population) from data from the EBS population survey of 0.20 to 0.28.
When using CPUE data from the Japanese fishery the estimated rates were 0.13 to 0.18. Somerton
concluded that estimates (0.22 to 0.28) from models that used both the survey and fishery data were the
best.

Zheng et al. (1998) used a nonlinear least-squares approach in an assessment model incorporating survey
and fishery data through 1996 to estimate abundance, recruitment, and natural mortality for Bristol Bay
Tanner crab. They limited their scope to crabs >=93 mm CW, also due to survey catchability concerns.
Model estimates of natural mortality (2 scenarios) for males were 0.489 and 0.495 and for females 0.5231
and 0.551.

Data

Growth and Age

Somerton (1981a) studied growth of Tanner crab in the eastern Bering Sea and used size frequency data
to estimate growth per molt. Because of a lack data on smaller instars and no estimates of molt frequency,
he combined size at age estimates from Kodiak crab (Donaldson et al. 1981) to construct a growth and
age schedule for EBS Tanner crabs (Table 4). Radiometric ageing has suggested that age after terminal
molt may be 6 to 7 years (Nevisi et al. 1996).

Weight at length

Growth in weight data was collected during the 1975 EBS crab survey (Somerton 1981a). Carapace width
and total weight were measured on 243 male Tanner crab. Only clean shell 2 or 3 crab were selected with
no missing or regenerating appendages. The fitted equation was: W=0.00019(CW)* ¥,

The Survey

The National Marine Fisheries Service conducts an annual trawl survey in the eastern Bering Sea to
determine the distribution and abundance of commercially-important crab and groundfish fishery
resources. The survey has been conducted since 1971 by the Resource Conservation and Engineering
(RACE) Division of the Alaska Fisheries Science Center. It’s been conducted annually since 1975 when
it was also expanded into Bristol Bay and the majority of the Bering Sea continental shelf. Since 1988,
376 standard stations have been included in the survey covering a 150,776 nm” area of the EBS with
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station depths ranging from 20 to 150 meters depth. The annual collection of data on the distribution and
abundance of crab and groundfish resources provides fishery-independent estimates of population metrics
and biological data used for the management of target fishery resources. Crustacean fishery resources
targeted by this survey and enumerated annually by NMFS are red king crab (Paralithodes
camtschaticus), blue king crab (P. platypus), hair crab (Erimacrus isenbeckii), Tanner crab (Chionoecetes
bairdi) and snow crab (C. opilio).

The 2008 trawl survey consisted of 378 bottom trawls taken over an area of approximately 139,548 nm’.
The survey was conducted onboard the FV Arcturus and FV Aldebaran, between 4 June and 24 July.
Sampling methodology was identical to that of previous surveys since 1982, and most tows were made at
the centers of squares defined by a 20 x 20 nmi (37 x 37 km) grid (Figure 1). Near St. Matthew Island and
the Pribilof Islands, additional tows were made at the corners of squares that define high density sampling
strata for blue king crab and red king crab. . The distribution of average bottom water temperatures
across the area sampled in 2008 are is shown in Figure 1.

Both the FV Arcturus and FV Aldebaran fished an eastern otter trawl with an 83 ft (25.3 m) headrope and
a 112 ft (34.1 m) footrope which has been the standard gear since 1982. Each tow was approximately 0.5
h in duration towed at 3 knot, and conducted in strict compliance with established NOAA groundfish
bottom trawl protocols (Stauffer 2004). The average tow length of all tows taken in 2008 was 1.49 nmi
(2.78 km). The mean bottom water temperature of all 378 trawls was 1.08 °C. Crabs were sorted by
species and sex, and then a sample of the catch measured to the nearest millimeter to provide a size-
frequency distribution. Population estimates are indices of relative population abundance and biomass and
do not necessarily represent absolute abundance or biomass measures. They are most precise for large
crabs, and are least precise for small crabs due to gear selectivity, and for females of some stocks due to
differential crab behavior.

Stock Biomass

Tanner crab male mature biomass (MMB) and legal male biomass (LMB) exhibited periods of peak
biomass in the early to mid-1970s and the early to mid-1990s (Table 5, Figures 5b and 7). LMB data are
currently available only for 1980-2008. Although MMB estimates date to 1969, the variation in annual
estimates between 1969-1975 reflect data quality and availability and retrospective analysis of the
historical NMFS trawl survey data is required to complete the time series record. The components of
MMB and LMB at the time the survey, at the time of the fishery and at the time of mating are shown in
Table 5 and Figure 7. The historical bimodal distribution in male biomass reflects that of the attendant
directed fisheries with peak modes in the mid-1960s through mid-1970s and in the early-1990s (Table 5,
Figure 7), and collapsed stock status following those modes. MMB at the survey revealed an all-time
high of 623.9 million pounds in 1975, and a second peak of 255.7 million pounds in 1991. From late-
1990s through 2008, MMB rose at a moderate rate from a low of 25.1 million pounds in 1997 to 185.2
million pounds in 2007 before falling to 143.1 million pounds in 2008 . Under the former BSAI King and
Tanner Crab fishery management plan (NPFMC 1998) and overfishing definitions, the Tanner crab stock
was above the Bysy level indicative of a restored stock for the second consecutive year in 2007 and
declared rebuilt.

The legal minimum size of 5.5 in cw (spine tip to spine tip) is equivalent to 138 mm cw measured
between the spines. Legal males were sparsely distributed with regions of highest abundance in southern
Bristol Bay and south of the Pribolof Islands (Figure 2). In 2005, the ADF&G stratified the management
of the Bering Sea Tanner crab stock into two subareas, east and west of 166W longitude, hereafter
Eastern and Western Districts respectively. The abundance index for legal male C. bairdi for both
Districts combined was 13.1 million crabs, a 9% increase over 2007. This abundance was distributed
between management districts according to 69.0% Eastern and 31.0% Western compared to 44.5% and
55.5%, respectively in 2007. The abundance index (77.7 million crabs) for pre-recruit male crabs (110-
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137 mm cw) showed a 16.0% decrease, and the index of 186.8 million for small males (< 110 mm cw)
showed a 55.1% decrease relative to 2007 for all areas combined (Figure 10).. The 2006 male size-
frequency revealed a prominent mode in the 70-75 mm cw range, which persisted to 2007 at 90 mm cw
(Figure 11). However, this mode is absent from the 2008 male length frequency and total male
abundance was observed to decline 46.7% between 2007 and 2008 (Figures 10 and 11). Legal-sized
males represent only a small portion (8.9%) of total male abundance in 2008. Among legal males, 91.3%
were new-hardshells, and 8.7% were oldshell and older. Pre-recruit Tanner crab in 2008 were widely
distributed across the range of the survey from southern Bristol Bay northwest to St. Matthew Island
(Figure 2).

In 2008, a single station sampled in southern-most central Bristol Bay revealed a high density of male
Tanner crab. The legal male abundance estimated at this station (6.1 million crabs) represents 67.8% of
all legal male crab in the Eastern District. It exceeded by 2.1 million crab the estimate of all legal males
in the Western District, or 150.9% of Western District, and it comprised 46.7% of all legal males
estimated in all EBS areas combined. Therefore, considerable uncertainty exists in the apparent strength
(+9.0%) of the 2008 estimate of legal male abundance relative to 2007.

The combined Eastern and Western Districts abundance index (32.1 million crabs) of large females (> 85
mm cw) showed a 21.4% decrease over 2007 (Figure 10). Among sampled mature females, 1.8% were
softshells; 27.0% were new-hardshell, of which 98.4% carried new eggs; and 71.1% were oldshell and
older, of which 81.8% carried new eggs. The vast majority of mature females sampled had completed
hatching by the time of the survey. The small (<85 mm cw) female Tanner crab abundance estimate in
2008 (125.6 million crab) showed a 38.8% decline relative to 2007. Total 2008 female abundance (157.7
million crab) declined 35.9% in from 2007, and the total abundance of male and female combined
declined 43.2% since 2007 (Figure 10). Ovigerous females were sparsely distributed from southern
Bristol Bay westward to south of St. Matthew Island (Figure 3). Immature female Tanner crab displayed
a similar distribution to mature females with the exception of an area of relatively high concentration west
of Bristol Bay and north of the Pribiolof Islands (Figure 3). Barren mature females were intermittently
distributed (Figure 3). The survey length frequency distributions of female Tanner crab from 2006-2008
are shown in Figure 12. The prominent length mode between 65-75 mm cw seen in 2006 is not shown to
persist through 2007 or 2008. Rather, it is shown in consistently declining abundance through 2008. A
significant portion (71.1%) of mature female Tanner crab are in old or older shell class condition (Figure
12).

The Fishery

The domestic Tanner crab (Chionoecetes bairdi) pot fishery rapidly developed in the mid-1970s (Table 1,
Figures 5 and 6). As a note, we adopted the convention for tables in this document presenting biomass or
fishery data, the ‘year’ refers to the survey year, and fishery data are those subsequent to the survey that
year through but prior to the survey in the following year. United States landings were first reported for
Tanner crab in 1968 at 1.01 million pounds taken incidentally to the eastern Bering Sea red king crab
fishery. Tanner crab was targeted thereafter by the domestic fleet and landings rose sharply in the early-
1970s, reaching a high of 66.6 million pounds in 1977. Landings fell precipitously after the peak in 1977
through the early 1980s, and domestic fishing was closed in 1985 and 1986 as a result of depressed stock
status. In 1987, the fishery reopened and landings rose again in the late-1980s to a second peak in 1990 at
40.1 million pounds, and then fell sharply through the mid-1990s. The domestic Tanner crab fishery
closed between 1997 and 2004 as a result of severely depressed stock condition. The domestic Tanner
crab fishery re-opened in 2005 and has averaged 1.7 million pounds retained catch between 2005-2007.
Landings of Tanner crab in the foreign Japanese pot and tangle net fisheries were reported between 1965-
1978, peaking at 44.0 million pounds in 1969 (Table 1, Figure 6). The Russian tangle net fishery was
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prosecuted between 1965-1971 with peak landings in 1969 at 15.6 million pounds. Both the Japanese and
Russian Tanner crab fisheries were displaced by the domestic fishery by the late-1970s.

Discard and bycatch losses of Tanner crab originate from the directed pot fishery, the non-directed pot
fisheries (notably, for snow crab and red king crab), and the groundfish trawl fisheries (Table 2).
Discard/bycatch mortalities were estimated using post-release handling mortality rates (HM) of 50% for
pot fishery discards and 80% for trawl fishery bycatch (NPFMC 2008). Total Tanner crab discard and
bycatch losses by sex are shown in Table 2 for 1965-2007. The pattern of total discard/bycatch losses is
similar to that of the retained catch (Table 1). These losses were persistently high during the late-1960s
through the late-1970s; male losses peaked in 1970 at 44.5 million pounds (Table 2). A subsequent peak
mode of discard/bycatch losses occurred in the late-1980s through the early-1990s which, although briefer
in extent, revealed higher losses for males than the earlier mode; peak=49.2 million pounds in 1990.
From 1965-1975, the groundfish trawl fisheries contributed significantly to total bycatch losses, although
the combined pot fisheries are the principal source of contemporaneous non-retained losses to the stock
(Table 2). Total Tanner crab retained catch plus non-directed losses of males and females (Table 3,
Figure 5a) reflect the performance patterns in the directed and non-directed fisheries. Total male catch
rose sharply with the fishery development in the early 1960s and reveals a bimodal distribution between
1965 and 1980 with peaks of 104.7 million pounds in 1969 and 115.5 million pounds in 1977 (Table 3,
Figure 5a). Total male catch rose sharply after the directed domestic fishery reopened in 1987 and
reached a peak of 89.3 million pounds in 1990. Total male and female catch fell sharply thereafter with
the collapse of the stock and the fishery closure in 1997.

Since re-opening of the domestic fishery in 2005, the relationship of total male discard/bycatch
mortalities by all pot and trawl fisheries combined to retained catch has shifted significantly relative to
that between 1980-1996 (Tables 1 and 2). In the last three years, the ratio of total male non-retained
losses to retained catch in terms of biomass is 4.4, 5.6 and 4.2 respectively. The majority of these male
losses are sub-legal sized crab, and a principal contributor to these non-retained losses is the directed
Tanner crab fishery (see Table 12a). This contrasts the pre-closure performance of the domestic fishery
between 1980-1996 which averaged 1.1 (se=0.1) pounds of non-retained male mortalities to each 1.0
pound of retained catch. These ratios in terms of numbers of male non-retained losses to retained legal
crab are more striking due to the contribution of sub-legal sized crab to total male discards. Note, discard
and bycatch losses of male and female Tanner crab (Table 2) during the closures of the directed domestic
fishery (1985-1986 and 1997-2004) reflect losses due to non-directed EBS pot fisheries and the domestic
groundfish trawl fishery.

Exploitation Rates

The historical patterns of fishery exploitation on LMB and MMB were derived (Table 6, Figures 8a and
8b). The exploitation rate on LMB was estimated as the proportion of retained catch to LMB at the time
of the fishery, while that on MMB as the proportion of total male catch to MMB at the time of the fishery.
Estimates of LMB are available only for 1980-2008. During that period, exploitation rate (n) on LMB
was highest in 1980 at 0.19 and fell with stock condition through the mid-1980s. LMB exploitation rate
revealed a second prominent mode during 1989-1993, peaking at 0.18 in 1991 and averaging 0.17 (Table
6, Figure 8b). The pattern of p on MMB from 1969-2007 reveals two high periods: one associated with
the high total catches between 1969-1980; the other coincident with the mode of high catches in the late-
1980s through early-1990s. The variability in u on MMB during the early period (1969-1980) occurs as a
result of the uncertainty in biomass estimates which require re-estimation. Exploitation rate on MMB
during the 1990s peaked at 0.42 in 1990, averaged 0.21 between 1986-1997, and closely followed the
build up in stock biomass during that period.
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The Analytic Approach

Tier-4 OFL Control Rule and OFL-Determination

In the Environmental Assessment proposed as Amendment 24 to the BSAI King and Tanner Crab fishery
management plan (NPFMC 2008), Tier-4 stocks are characterized as those where essential life-history
information and understanding are incomplete. Although a full assessment model cannot be specified for
Tier-4 stocks or stock-recruitment relationship defined, sufficient information is customarily available for
simulation modeling that captures essential population dynamics of the stock as well as the performance
of the fisheries. Such modeling approaches serve the basis for estimating the annual status determination
criteria to assess stock status and to establish harvest control rules.

In Tier-4, a default value of M and a scaler Gamma (y) are used in OFL setting. The proxy Busy
represents the level of equilibrium stock biomass indicative of maximum sustainable yield (MSY) to
fisheries exploiting the stock at Fysy, For Tier-4 stocks, Bysy is commonly estimated as the average
biomass over a specified period that satisfies the expectation of equilibrium biomass yielding MSY by an
applied Fysy. It can also be estimated as a percentage of pristine biomass (By) of the unfished or lightly
exploited stock where data exist. In Tier-4, the For is calculated as the product of y and M, where M is
the instantaneous rate of natural mortality. The Amendment 24 and its associated EA defines a default
value of gamma = 1.0. Gamma is allowed to be less than or greater than unity resulting in overfishing
limits more or less biologically conservative than fishing at M. Use of the scaler v is intended to allow
adjustments in the overfishing definitions to account for differences in the biomass measures used in the
EA analyses. However, since Tier-4 stocks are information-poor by definition, the EA associated with
Amendment 24 states that y should not be set to a value that would provide less biological conservation
and more risk-prone overfishing definitions without defensible evidence that the stock could support
fishing at levels in excess of M. The resultant overfishing limit for Tier-4 stocks is the total catch OFL
that includes expected retained plus discard/bycatch losses. For Tier-4 stocks, a minimum stock size
threshold (MSST) is specified; if current MMB drops below MSST, the stock is considered to be
overfished.

For Tier-4 stocks, the Fop is derived using and Fop;, Control Rule (Figure 9) according to whether current
mature stock biomass metric (B;) belongs to stock status levels a, b or c in the following algorithm. The
stock biomass level beta () represents a minimum threshold below which directed fishing mortality is set
to zero. The Fop. Control Rule sets p=0.25. The parameter alpha moderates the slope of the non-constant
portion of the control rule. For biomass levels levels where B < By < Bysy, the Fop is estimated as a
function of the ratio B/Bysy. The value of M is 0.23 for eastern Bering Sea Tanner crab. In the analysis
of Tier-3 for snow crab, Chionoecetes opilio, and red king crab, Paralithodes camtschaticus, a Bysy
proxy reference value (Brgr) equal to 35% of the maximum spawning potential of the unfished stock was
specified (Annon 2008, EA associated with Amendment 24). For Tier-4 stocks, a reference biomass
value (Brgr) must be specified.

Stock Status Level: Forv:

a. Bt/BREF >1.0 FOFL =v- M

b. B < Bt/BREF <1.0 FOFL =7 M [(Bt/BREF - (l)/(l - (l)]
c. By/Brer < B Directed Fishery F=0

ForL < Fusy

OFL Model Structure

In the Tier-4 OFL-setting approach EBS Tanner crab, various measures of stock biomass and catch
components are integrated in the overfishing level determination. Here, we define each component and
illustrate the conceptual approach for OFL-setting based on these metrics.
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Male Mature and Legal Biomass:

Annual estimates of male biomass are derived from the NMFS Eastern Bering Sea summer trawl survey.
Two measures are specified: male mature biomass (MMB) and legal male biomass (LMB). From these
measures derived at the time of the survey, we estimate MMB and LMB at the time of mating by
depreciating survey biomass by the partial natural mortality rate (M) over 8 months from the survey to
mating and extracting total catch components (Cymp or Cpvp).

MMBmating = 1\/H\/IBsurveye_ZM/3 - CMMB (1)
LMBmating = LI\/IBsurveye_ZM/3 - CLMB (2)

Finding Fop:

Given MMB,uiing (0r By) and the specification of a biomass reference (Brgr) proxy for Bysy, the
overfishing limit Fopp is found using the OFL algorithm. In the case where, for example, B < By/Bgrgr <
1.0, the overfishing limit is estimated, where 0=0.1:

ForL = YM ((B/Brer — 0.1)/(1 - 0.1)) )

Total Catch OFL and Catch Components:

A total catch overfishing limit (Total Catch OFL) corresponding to the Forr can be estimated as the
product of the annual fishing mortality rate (1-¢™°") and the male mature biomass at the time of the
fishery (MMBsuweye'M/ 2). Here, the time lag from the survey to the fishery is 6 months.

Total Catch OFL = (1-¢™") (MMByrye,e™?) 4

This total catch overfishing limit includes all retained, plus discard and bycatch losses from the directed
fishery and all non-directed fisheries (pot and groundfish trawl). These catch components are defined as:

1. CretLMB = retained legal male biomass by the directed fishery

1. Clir-dsc MMB = discard losses to MMB by the directed fishery

1ii. Chron-dsepormvp = discard losses to MMB by the non-directed pot fisheries
iv. Chon-dse-etmms = discard losses to MMB by the non-directed trawl fisheries

Therefore, using these catch components,
TOtal CatCh OFL = Cret,LMB + Cdir—dsc,MMB + Cnon-dsc—pot,MMB + Cnon—dsc—gf,MMB (5)

In practice, the catch components i-iv are estimated from past performance in the respective fisheries
considered to be most representative of current conditions. Catch components i and iv are co-related, and
the magnitude of the discard losses to MMB by the directed fishery is a function of the retained legal
male biomass. In this case, C.mp is found by iteration such that the Total Catch OFL (5) equated to that
estimated in equation (4).

Discard Catches:

Discard losses of mature male biomass by the directed fishery (Cgir-asemmp) Was estimated using data from
the most recent 2007 Tanner crab fishery supplied by D. Barnard (ADF&G, 08/11/08) (Table 12a). The
ratios of legal and sublegal male and female discards to the retained catch are used to project discard
losses in the terminal 2008 OFL fishery. Here, DSC,MMBjyy, is the discarded mature male biomass by the
directed 2007 Tanner crab fishery. For all pot discards, a post-release handling mortality rate of 50% was
used (HM,,,=0.50). Directed fishery discard losses to MMB is given by:
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Cdir—dsc,MMB = Cret,LMB (DSC,MMBW / Cret,LMB 07) HMpot (6)

Non-directed pot fishery discard losses to male mature biomass (Cion-dsc-pot,vms) are principally attributed
to the EBS snow crab fishery and to the Bristol Bay red king crab fishery to al lesser extent. In this
analysis, we used data from the previous two fishing seasons (2006 and 2007) to estimate of the average
ratio of combined Tanner crab mature male discards to snow crab retained catch (Table 12b). Ciet opitio 2008
is the projected 2008 retained catch OFL (Turnock, pers. Comm.). Using this ratio, projected non-
directed pot fishery discard losses to MMB in the terminal OFL fishery is given by:

Cnon—dsc—pot,MMB = Cret,Opilio 2008 (Cnon—dsc—pot,MMB / Cret,opilio)mean,07 HMpot (7)

Discard losses to MMB resulting from bycatch in the groundfish trawl fisheries (Cpon-dsc-grmmB) Was
estimated using the average groundfish bycatch of Tanner crab over 2003-07 (Table 12c¢). We assumed
that this average (5 y) bycatch of Tanner crab would occur in the 2008 OFL fishery. Reported bycatch
are for males and females combined. The sex distribution and length frequency of this bycatch is
unavailable for this analysis. The proportion of males in the bycatch was estimated assuming a sex ratio
of 1:1 in the bycatch and apportioning the catch based on the ratio of mean weights of 120 mm cw male
crab to 87.5 mm cw female crab resulting in a 60.2% v. 39.8% male to female split. For all trawl
discards, a post-release handling mortality rate of 80% was used (HM,=0.80). Ground fish trawl fishery
discard losses to MMB is given by:

Cnon—dsc—gf,MMB = Mean03—07,dsc,gf POI’pOI’tiOl’lmale HMgf (8)
Exploitation rates on legal male biomass (pyp) and mature male biomass (Uyvp) at the time of the

fishery are calculated as the ratio of total directed plus non-directed losses to LMB and MMB to
respective legal and mature male biomass at the time of the fishery:

ULMmB Total LMB Losses / LMBgighery )}

UMMB Total MMB Losses / MMBiighery (10)
Using the For. Control Rule (Figure 9), Fop is determined based on MMB at time of mating after
extraction of the Total Catch OFL. Since the ratio of B/Bggr is dependent on the magnitude of the
extracted catch and the catch OFL upon the estimated Fopr, an iterative solution is found that solves for
ForL and catch based on the relationship of MMB at mating to Brgr. The Total Catch OFL includes all
sources of fishery-induced removals from the stock (directed retained catch, directed discards, and non-
directed pot and trawl bycatch mortalities). Given specification of all component losses, the retained
portion of the legal catch is a fishery control which could be set so not to exceed the OFL if the non-
retained losses are as expected.

OFL-Setting Results

OFL-setting results for three scenarios are presented corresponding to the choice of three proxy Busy
values. Under Scenario-1, the proxy Bysy is Brer=178.16 million pounds male mature biomass at the
time of mating estimated as the average for 1975-1980 (CPT, May 2008). In June 2008, the SSC
recommended the use of two alternative ranges of years for estimating proxy Bysy. In Scenario-2,
Brer=189.76 million pounds estimated as the average for 1969-1980. Scenario-3 as recommended by the
SSC, Brer=103.81 million pounds estimated as the average for 1969-2007. The CPT accepted
(September 2008) the SSC recommendation of using 1969-1980 estimates of MMB at the time of mating
to specify Brgr despite both the author’s and CPT’s concerns about both the quality and availability of
survey biomass data prior to 1975. The authors and CPT are not able to recommend Scenario-3 for OFL
setting. From 1980-2007, the EBS Tanner crab stock collapsed twice resulting in two periods of fishery
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closures and a rebuilding plan by the Council. During this period, the stock experienced exploitation rates
in excess of current Fysy estimates. Specifically, at approximately three times that rate in the late-1970s,
and twice that in the late-1980s, both preceded by stock collapses. Over 1980-2007, the stock has not
been maintained itself at a level that could be reasonably construed as in dynamic equilibrium with its
environment at a level indicative of Bysy thereby capable of providing maximum sustainable yield to the
fisheries. For the purpose of OFL-setting in the terminal 2008/09 fishery, therefore, results for Scenario-2
are the acceptable to the CPT.

We acknowledge that use of the average 1969-80 male mature biomass at the time of mating as a proxy
for Bysy is confounded by contemporaneous and antecedent high exploitation rates (Table 6, Figure 8a).
As a result, we believe that even this Brgr underestimates the capacity of this stock to persist at Bysy and
provide maximum sustainable yield to the fisheries.

In May 2008, the CPT requested that an estimate of F3s., using fishery selectivity be presented to the SSC
at its June 2008 meeting. Fishery selectivity used for the SSC analysis were those employed in the EA
analysis and estimated based on historical fishery patterns prior to 1997 closure. The SSC recommended
using fishery selectivity and maturity to estimate Fsso, as the proxy Fop. and to use the ratio of Fiso, to M
as an estimate of gamma. While it would be our preference to use the Fss, proxy for Fysy where reliable
data and understanding exist, we consider results of this analysis premature and do not recommend its use
for OFL-setting. One principal concern is that fishery data for the last 3 years reveal that current
selectivity in both the directed fishery and the snow crab pot fisheries differ profoundly from those
employed in the EA analysis. The CPT did not have an opportunity to review our F;s, analysis or the
results presented to the SSC in June. To adopt the SSC recommendation for 2008/09 OFL-setting, fishery
selectivity would have to be estimated without the benefit of an assessment model. Neither would these
results be reviewed by the CPT prior to the September 2008 meeting. We considered it ill-advised to
attempt to estimate fishery selectivity ad hoc without improved understanding of the current fisheries as
well as discussion and consent by the CPT. Since the EA selectivity pattern no longer applies, its use
may provide non-informative or misleading results. The development of a Tanner crab stock assessment
model is currently planned in which fishery selectivity will be estimated with data from contemporary
fisheries.

For this analysis, gamma was set to 1.0. We accounted for discard/bycatch mortalities from the directed
and non-directed pot fisheries and the groundfish trawl fisheries. By comparison, the EA simulations did
not equivalently account for non-retained losses, thus it’s uncertain what scaler of M is appropriate to
relate M to full-selection F3s0, rates in EA simulations. Further confounding specification of gamma is the
fact that the MMB measure derived in this analysis employs a maturity schedule vs that of the EA
simulations which employed knife-edge sex-specific maturity at size. The EA prescribes that gamma
should not be set to a level that would provide for more risk-prone overfishing definitions without
defensible evidence that the stock could support levels in excess of M. Examination of the historical
performance of the fishery (Figure 5a) and stock biomass (Figure 7) reveals that the Tanner crab stock has
not maintained itself in dynamic equilibrium over any sustained period, nor persisted in the face of
exploitation rates (Table 6, Figures 8a and 8b) in excess of M. Differences between fishery selectivity
and maturity in eastern Bering Sea crab stocks have also been suggested as a reason to allow gamma to
exceed unity. Notwithstanding the problems noted in estimating current fishery selectivity, this argument
relies on theoretical reproductive dynamical considerations in mature male biomass which are violated
given the unique reproductive dynamic features of this stock (e.g., male-female size dependencies for
successful copulation, male guarding and competition). Since a fundamental precept of precautionary
fishery management is that the stock should not be exploited at a rate in excess of the Fopr, we find no
evidence that would justify a gamma in excess of 1.0 or fishing at an Fop rate greater than M.
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The 2008 Overfishing Limits

For the 2008 Tanner crab fishery, we estimated (Scenario-2) the Total Male Catch OFL = 14.45 million
pounds (Table 8). Relative to Brgr = 189.76 million pounds, the 2008 estimate of MMB at mating
(108.28 million pounds) represents B/Brgr = 0.571 resulting in and Fop = 0.120.

Directed and non-directed losses to MMB in 2008 are estimated to be 7.17 and 2.92 million pounds,
respectively. After accounting for expected losses to MMB, the projected catch of legal-sized Tanner
crab is 5.07 million pounds. The retained part of the catch of legal-sized crab (4.36 million pounds)
accounts for expected directed and non-directed losses to LMB by the fisheries. In comparison to the
overfishing limit, the retained legal catch would comprise 30.2% of the total male mature biomass losses.
A significant component of the Total Male Catch OFL therefore results from non-targeted losses under
current EBS fisheries.

Expected discard losses of female Tanner crab from the 2008 ground fish fishery and the directed pot
fishery combined was estimated at 1.07 million pounds. Therefore, total expected male plus female
losses in 2008 comprising the Total Catch OFL = 15.521 million pounds. Estimated exploitation rates on
LMB and MMB associated with these projected catches are 0.088 and 0.113 respectively.

OFL-setting results for Scenario-1 (Table 7) and Scenario-3 (Table-9) are presented for illustration
without discussion. The reader is referred to these tables to compare the results of the three scenarios.
Results of the F3s, OFL-setting analysis using re-estimated selectivities from the 2007/08 Tanner crab
fishery are presented in Appendix A.

Ecosystem Considerations

Ecosystem Effects on Stock

Prey availability or abundance trends

Tanner crab food habits in the EBS are largely unstudied, but a study near Kodiak (Jewett and Feder
1983) examined stomach contents from 1,025 Tanner crab > 40 mm CW Arthropods (mainly juvenile
Tanner crab) dominated by weight; fishes and mollusks (mainly Macoma spp. and Yoldia spp.) were the
second and third-most important food groups, by weight. In the western Bering Sea, the ascidian
Halocynthia autantium is preyed upon by snow and Tanner crabs (Ivanov 1993). While the trends in EBS
Tanner crab prey are largely unknown, it is thought that recent warmer temperatures may have put the
Bering Sea food web into a top-down control regime (Hunt et al. 2002, Aydin and Mueter 2007) and so
prey availability would not be limiting adult Tanner abundance. The relative importance, however, of
climate effects is uncertain (Aydin and Mueter 2007).

Predator population trends

Several fishes, most notably Pacific cod (Gadus macrocepahalus), are documented as predators of Tanner
crab in the eastern Bering Sea, Pacific halibut (Hippoglossus stenolepis) and skates (Raja sp.) being
minor predators (Livingston 1989, Livingston et al. 1993, Lang et al. 2005). Pacific cod biomass
increased steadily from 1978 through 1983, remained relatively constant from 1983 through 1988,
fluctuated slightly from 1988 through 1994 (the highest observation) and in general has steadily declined
since then with 2007 estimates being the lowest estimate in the time series (Thompson et al. 2007).
Halibut biomass was lowest in 1982, fluctuated from 1983 through 1988, peaked in 1988, dropped in
1989 and increased from 1990 through 1996 when the highest biomass of the time series was observed,
after 1998 biomass has fluctuated (personal communication, Steven Hare, IPHC). Biomass estimates of
all skate species in the eastern Bering Sea are not reported, however biomass has been estimated for the
Alaska skate (Bathyraja parmifera) since 1982. Estimated biomass for the Alaska skate fluctuated from
1982 through 1986, from 1986 through 1990 biomass in general increased and peaked in 1990, from 1991
through 1999 biomass tended to decrease and beginning in 1999 to the present biomass has been
increasing (Ormseth and Matta 2007).
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Disease effects on the stock

Bitter crab syndrome (BCS) is caused by a non-motile single celled protistan blood parasite
Hematodinium sp. and is uniformly lethal to crab (Meyers et al. 1990). BCS has been detected in EBS
Tanner crab for 20 years with no clear trends in prevalence. As discussed at a recent international
workshop on the disease (“Hematodinum Associated Diseases: Research Status and Future Directions”,
Charlottetown, Prince Edward Island, Canada, Sept. 20-22, 2007), the long term effect of the disease on
the crab populations is not well understood. Another potentially serious Tanner crab disease is black mat
syndrome (BMS). BMS is a systemic fungal infection caused by Trichomaris invadens and is lethal to
crab. Infection prevents molting therefore infected sublegal crabs would never grow to enter the fishery
(Sparks 1982). BMS, however, has never been an important issue in the EBS (F. Morado, NOAA
Fisheries, AFSC, Seattle, personal communication)

Changes in habitat quality

The ecosystem reorganization following the 1976/77 regime shift and to a lesser degree the 1998/1999
shift (Connors et al. 2002, Litzow 2006), have not in general favored Tanner populations in the EBS, but
the exact nature of the biological response to these climate changes is poorly understood (Litzow 2006).
In addition, it is proposed that future temperature increases and ocean acidification may directly affect the
growth and survival of larval crab (M. Litzow, unpublished data, AFSC NOAA Fisheries), as well as
causing drastic changes to the phytoplankton community in the Bering Sea (Hare et al. 2007) upon which
larval Tanner crab are dependent (Incze et al. 1987, Incze and Paul 1983). The current effects of
temperature increases and ocean acidification on Tanner crab are unknown.

Tanner Crab Fishery Effects on the Bering Sea Ecosystem

Fishery contribution to bycatch

The ADF&G observer program collects bycatch data on observed vessels (Table 10). Non-targeted
sublegal male and female Tanner crab made up the largest number of bycatch followed by snow crab
bycatch. Fish, including a number of crab predators, especially Pacific cod, Pacific halibut, yellowfin
sole, and sculpin (Myoxocephalus spp.) were also caught (Barnard and Burt 2007, 2008, NMFS 2004).
Invertebrates include sea stars, snails, hermit crabs, lyre crab, and others captured at low rates.

Handling mortality

It is generally accepted that there is a certain amount of mortality inflicted on the non-target species
captured during fishing operations. Captured animals can die from handling stress, windchill, or while
trapped in lost gear. Studies have been done to simulate handling injury but subsequent mortality was low
and not significantly greater than controls (MacIntosh et al. 1996). Freezing due to windchill causes
significant mortality to Tanner crabs (Carls 1989) and can result in leg loss or immediate mortality for
Tanner crabs. Stevens and Maclntosh (1992) found average overall mortality of 11% for Tanner crab on
one commercial crab vessel. Although it has been conclusively shown that windchill can effect high rates
of mortality in Tanner crabs, there is also evidence that exposure of captured crabs to such windchill may
not be common during actual fishing. The Crab Plan Team has estimated bycatch mortality to be higher
in the snow and Tanner crab fisheries (24% and 20%, respectively) than in the king crab fisheries (8%)
and that has been supported by higher incidence of pre-discard injuries during the snow crab fishery than
in the red king crab fishery (Tracy and Byersdorfer 2000, Byersdorfer and Barnard 2002). Despite the
research on handling mortality, the EIS for Bering Sea and Aleutian Islands (BSAI) crab fisheries (NMFS
2004) concludes there is not a good understanding of the effects of handling on crab bycatch mortality.

Increased mortality to fish and non-target invertebrates from ghost pot fishing in the Bering Sea has not
been fully studied. ADF&G strictly enforces the requirement for a biodegradeable twine in each crab pot
at the time vessels register for the fishery. The biodegrading twine requirement is intended to disable the
ability of lost pots to fish after approximately 30 days but recent work indicates that the twine may stay
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intact for as long as 89 days in lost pots (Barnard 2008), much longer than the 30 days that was found to
cause irreversible starvation effects in the laboratory (Paul et al. 1994).

Benthic species and habitat impacted by pot gear

In the final environmental impact statement for the BSAI crab fisheries the impact of pot gear on benthic
species is discussed (NMFS 2004). These benthic species include fish, gastropods, coral, echinoderms
(sea stars and sea urchins), non-FMP crab, and other invertebrates (sponges, octopuses, anemones,
tunicates, bryozoans, hydroids, and jellyfish). Physical damage to the habitat by pot gear is dependent on
habitat type. Sand and soft sediments where the Tanner crab fishery occurs are less likely to be impacted,
whereas coral, sponge, and gorgonian habitats are more likely to be damaged (Quandt 1999, NMFS
2004). Despite the large number of pot lifts that occur during the fishery, the actual footprint impacted by
the pots is much less than 1% of the Bering Sea shelf (NMFS 2004). It was concluded that the BSAI crab
fisheries have an insignificant effect on benthic habitat. Since the bycatch species are widespread across
the Bering Sea shelf, the impacts of pot gear on overall populations would also be minimal.

ESA and non-ESA marine mammals and seabirds

According to the ESA EIS report, crab fisheries do not adversely affect ESA listed species, destroy or
modify their habitat, or comprise a measurable portion of the diet (NMFS 2004) including listed marine
mammals or seabirds, although the possibility of strikes of listed seabirds with crab fishing vessels exists
(NMFS 2000).

Of the marine mammals not listed under the ESA, the bearded seals (Erignathus barbatus) are the only
marine mammal potentially impacted by the crab fisheries because crab are a measurable portion of the
diet of these species (Lowry et al. 1980, NMFS 2004). No current data or information regarding bearded
seal populations or conflicts or interactions with crab fisheries is available. For non-listed seabirds, the
Alaska Groundfish Fisheries Final Programmatic SEIS (NMFS 2004b) provides life history, population
biology and foraging ecology for marine birds. The SEIS concludes that the crab species under the FMP,
including Tanner crab, have very limited interaction with non-listed seabirds.

Fishery Effects on Amount of Large Size Target Crab

While there have been some documented changes in the size of large fish available to fisheries as a result
of removals of the fastest growing components of the population (ICES 2002), this phenomena has not
been demonstrated in crustaceans.

Fishery Contribution to Discards and Offal Production

The EIS for the BSAI Crab Fisheries summarizes some of the effects of discards and offal production
(NMFS 2004). Returning discards, process waste, and the contents of used bait containers to the sea
provides energy to scavenging birds and animals that may not have access to those energy resources. The
total offal and discard production as a percentage of the unused detritus already going to the bottom has
not been estimated for the crab fisheries.

Fishery Effects on Age-At-Maturity and Fecundity
No effects of overfishing on fecundity or size at maturity in female crabs would be expected in a crab
fishery that targets only mature males (Orensanz et al. 1998) with little bycatch of females.

Ecosystem effects on the eastern Bering Sea Tanner crab stocks and fishery effects on the ecosystem are
interpreted and evaluated in Table 11.
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Table 1. Eastern Bering Sea Chionoecetes bairdi retained catch in the United States pot, the
Japanese tangle net and pot, and the Russian tangle net fisheries, 1965-2007.

Eastern Bering Sea Chionoecetes baridi Retained Catch (10° Ib)
US Pot Fishery Japan Russia Total

Year [Crabs/Pot]

1965 2.58 1.66 4.24
1966 3.73 1.66 5.39
1967 21.50 8.48 29.98
1968 1.01 12.00 29.95 8.73 39.69
1969 1.02 29.00 43.98 15.61 60.60
1970 0.17 8.00 41.73 14.31 56.20
1971 0.11 10.00 35.04 10.51 45.66
1972 0.23 6.00 37.04 37.27
1973 5.04 115.00 23.67 28.72
1974 7.03 72.00 26.58 33.60
1975 22.30 63.00 16.62 38.92
1976 51.50 68.00 14.67 66.17
1977 66.60 51.00 11.72 78.32
1978 42.50 42.00 4.00 46.50
1979 36.60 30.00 5.30 41.90
1980 29.60 21.00 29.60
1981 11.00 10.00 11.00
1982 5.27 8.00 5.27
1983 1.21 8.00 1.21
1984 3.15 12.00 3.15
1985 0 0 0
1986 0 0 0
1987 2.20 8.00 2.20
1988 7.01 16.00 7.01
1989 24.50 15.00 24.50
1990 40.10 19.00 40.10
1991 31.80 10.00 31.80
1992 35.10 13.00 35.10
1993 16.90 13.00 16.90
1994 7.80 13.00 7.80
1995 4.23 8.00 4.23
1996 1.81 5.00 1.81
1997 0 0 0
1998 0 0 0
1999 0 0 0
2000 0 0 0
2001 0 0 0
2002 0 0 0
2003 0 0 0
2004 0 0 0
2005 0.95 0.00 0.95
2006 2.12 13.77 2.12
2007 2.11 17.00 2.11
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Table 2. Eastern Bering Sea Chionoecetes bairdi total discard and bycatch losses by sex in the
directed plus non-directed pot and the groundfish trawl fisheries, 1965-2007.

Eastern Bering Sea Chionoecetes bairdi Discard and Bycatch Losses (10° 1b)
[HMp,=0.50; HMr=0.80]

All Pot Groundfish Total

Year Male Female Male Female Male Female

1965 1.73 0.48 6.15 4.07 7.88 4.56
1966 2.20 0.62 11.16 7.38 13.36 8.00
1967 12.23 342 17.37 11.50 29.60 14.92
1968 16.20 4.53 13.18 8.72 29.37 13.25
1969 24.73 6.92 19.35 12.81 44.08 19.73
1970 22.94 6.42 21.52 14.24 44.46 20.66
1971 18.63 5.21 24.15 15.98 42.78 21.19
1972 15.21 4.25 13.86 9.18 29.07 13.43
1973 12.28 3.33 18.97 12.55 31.25 15.89
1974 14.52 391 26.25 17.37 40.77 21.29
1975 17.95 4.64 10.16 6.73 28.12 11.37
1976 28.29 7.68 4.40 291 32.70 10.59
1977 34.22 9.15 2.98 1.97 37.20 11.13
1978 22.76 5.67 3.42 2.27 26.18 7.93
1979 20.77 5.13 2.73 1.81 23.50 6.94
1980 17.62 3.91 2.24 1.48 19.86 5.39
1981 6.36 1.43 1.56 1.03 7.92 2.47
1982 3.34 0.72 0.48 0.32 3.82 1.03
1983 1.20 0.21 0.71 0.47 1.92 0.68
1984 2.49 0.47 0.69 0.45 3.18 0.93
1985 1.03 0.10 0.42 0.28 1.45 0.38
1986 1.46 0.14 0.69 0.46 2.15 0.60
1987 4.38 0.58 0.68 0.45 5.06 1.03
1988 11.26 1.60 0.49 0.33 11.75 1.93
1989 25.08 423 0.71 0.47 25.80 4.70
1990 48.17 7.60 1.00 0.66 49.17 8.27
1991 4545 6.72 1.54 1.02 46.98 7.73
1992 27.25 2.41 2.07 1.37 29.32 3.78
1993 14.86 2.72 1.65 1.09 16.51 3.81
1994 7.74 2.34 1.23 0.81 8.97 3.15
1995 5.33 2.61 1.11 0.73 6.44 3.34
1996 1.21 0.36 1.02 0.68 2.23 1.03
1997 2.11 0.25 0.95 0.63 3.06 0.88
1998 2.32 0.20 0.73 0.48 3.06 0.68
1999 0.85 0.16 0.30 0.20 1.15 0.36
2000 0.23 0.03 0.38 0.25 0.62 0.28
2001 0.40 0.01 0.59 0.39 0.99 0.40
2002 0.68 0.04 0.72 0.47 1.40 0.52
2003 0.27 0.03 1.31 0.87 1.58 0.90
2004 0.14 0.02 0.95 0.63 1.09 0.65
2005 1.43 0.11 1.02 0.68 2.45 0.79
2006 6.61 0.20 1.64 1.09 8.25 1.29
2007 541 0.28 0.61 0.40 6.01 0.68
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Table 3. Eastern Bering Sea Chionoecetes bairdi total catch losses in the directed (retained) and
non-directed (discard + bycatch) fisheries, 1965-2007.

Eastern Bering Sea Chionoecetes bairdi Total Catch in the Directed +

Year
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Male

Non-Directed Fisheries (10° 1b)

12.12
18.74
59.58
69.06
104.68
100.66
88.44
66.34
59.97
74.38
67.03
98.87
115.52
72.68
65.40
49.46
18.92
9.10
3.12
6.33
1.45
2.15
7.26
18.77
50.30
89.27
78.78
64.42
3341
16.77
10.68
4.03
3.06
3.06
1.15
0.62
0.99
1.40
1.58
1.09
3.41
9.77
8.12

Female
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4.56
8.00
14.92
13.25
19.73
20.66
21.19
13.43
15.89
21.29
11.37
10.59
11.13
7.93
6.94
5.39
2.47
1.03
0.68
0.93
0.38
0.60
1.03
1.93
4.70
8.27
7.73
3.78
3.81
3.15
3.34
1.03
0.88
0.68
0.36
0.28
0.40
0.52
0.90
0.65
0.79
2.17
0.68

Total
16.68
26.74
74.50
82.31
124 .41
121.32
109.63
79.77
75.85
95.66
78.40
109.46
126.64
80.61
72.34
54.85
21.39
10.13
3.80
7.26
1.82
2.74
8.29
20.69
55.00
97.54
86.52
68.20
37.22
19.92
14.02
5.07
3.94
3.74
1.52
0.90
1.39
1.91
2.48
1.74
4.19
11.95
8.80
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Table 4. Age, growth, and instar number for male Tanner crab in Kodiak and the eastern

Bering Sea.

Instar Kodiak Kodiak EBS

Number mean size (mm) age (months) mean size (mm)
1 3.4 1.8 -
2 4.5 2.5 -
3 6.0 3.5 -
4 7.9 4.9 -
5 10.4 6.6 -
6 13.7 8.9 -
7 18.1 11.9 17.2
8 23.9 15.9 24.4
9 31.6 21.1 335
10 41.7 28.1 45.9
11 53.6 37.3 60.7
12 67.8 47.2 79.3
13 84.6 59.0 98.5
14 106.3 73.1 112.5
15 129.5 85.3 126.8
16 154.3 106.2 141.8
17 180.8 124.5 157.2
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Table 5. Eastern Bering Sea Chionoecetes bairdi male mature biomass and legal male (>
138mm cw) biomass at time of the survey, fishery and mating, 1965-2008. (2008 MMB and LMB
at mating are estimates based on extraction of respective 2008/09 catch OFLs under Scenario-2).

Eastern Bering Sea Chionoecetes bairdi Survey Biomass (10° 1b)

Male Mature Biomass (10° Ib) Legal Male Biomass (10° 1b)
Year Survey Fishery Mating Survey Fishery Mating

1965

1966

1967

1968

1969 604.93 539.22 414.26

1970 151.81 135.32 29.57

1971

1972

1973 208.44 185.80 118.84

1974 396.83 353.72 266.04

1975 623.89 556.11 468.16

1976 318.43 283.83 174.29

1977 344.02 306.65 179.60

1978 179.55 160.05 81.35

1979 121.38 108.20 38.73

1980 205.47 183.15 126.80 170.86 152.30 116.97
1981 158.07 140.90 116.68 77.16 68.78 55.19
1982 113.32 101.01 88.11 55.67 49.62 42.48
1983 65.70 58.56 53.23 36.93 32.92 30.47
1984 45.41 40.48 32.63 31.97 28.49 24.27
1985 26.01 23.19 20.87 24.25 21.62 20.80
1986 35.49 31.64 28.30 17.09 15.23 14.66
1987 63.93 56.99 47.59 32.52 28.99 25.70
1988 139.55 124.39 100.95 78.81 70.25 60.60
1989 231.48 206.34 148.28 185.19 165.07 134.36
1990 240.30 214.20 116.87 248.57 221.57 173.13
1991 255.73 227.95 140.59 193.45 172.44 134.15
1992 246.92 220.09 147.39 230.38 205.35 162.53
1993 144.40 128.71 90.47 113.54 101.20 80.50
1994 95.02 84.70 64.74 84.88 75.66 65.01
1995 71.65 63.87 50.79 55.12 49.13 43.05
1996 58.64 52.27 46.27 50.71 45.20 41.69
1997 25.13 22.40 18.50 18.74 16.70 16.08
1998 25.35 22.60 18.69 12.13 10.81 10.40
1999 43.87 39.11 36.48 11.57 10.32 9.93
2000 39.24 34.98 33.05 27.56 24.56 23.64
2001 43.65 38.91 36.45 35.82 31.93 30.73
2002 44.53 39.70 36.80 38.58 34.39 33.10
2003 61.29 54.63 50.99 40.79 36.35 34.99
2004 65.48 58.36 55.08 29.76 26.53 25.53
2005 104.50 93.15 86.24 62.83 56.01 52.95
2006 158.95 141.68 126.58 80.19 71.48 66.67
2007 185.19 165.07 150.74 58.49 52.13 48.07
2008 143.06 127.52 108.28 64.80 57.76 50.53
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Table 6. Eastern Bering Sea Chionoecetes bairdi fishery rate of exploitation on male mature
biomass (MMB) and legal mature biomass (LMB ) at the time of the fishery, 1965-2007.
Exploitation rates are based on biomass; p on MMB uses total catch losses while p on LMB uses

total retained legal catch.
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Eastern Bering Sea Chionoecetes bairdi Fishery

Year
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Exploitation Rate @ Time Fishery

MMB
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0.19
0.74

0.32
0.21
0.12
0.35
0.38
0.45
0.60
0.27
0.13
0.09
0.05
0.16
0.06
0.07
0.13
0.15
0.24
0.42
0.35
0.29
0.26
0.20
0.17
0.08
0.14
0.14
0.03
0.02
0.03
0.04
0.03
0.02
0.04
0.07
0.05
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Table 7. Catch overfishing limits, stock and fishery metrics for the 2008 Eastern Bering Sea
Chionoecetes bairdi fishery under Scenario-1, where Brgr=mean 1975-1980 MMB at the time of
mating. (1 on LMB is total legal retained catch/LMB at the time of the fishery, p on MMB is

Total Catch OFL/MMB at the time of the fishery).

2008 Eastern Bering Sea Chionoecetes baridi
Catch OFL, Stock and Fishery Metrics

Metrics (10°lb):

Brer:
MMB @ Mating:

B/BREF:

ForL:

Catch Components (10°%1b):

Total Male Catch OFL.:

Directed Discard Losses MMB:
Non-Directed Discard Losses MMB:
Projected Catch OFL:

Directed Discard Losses LMB:
Non-Directed Discard Losses LMB:
Retained Part of Catch OFL:

Directed Discard Losses 9:
Groundfish Bycatch Losses ¢:
Total Catch OFL:

Rates:

g on LMB @ Fishery:
pu on MMB @ Fishery:

Brer=mean 1975-80 MMB @ mating as proxy for Bysy.
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178.155
107.356

0.603
0.128

15.371
7.744
2.916
5.420

0.102
0.606
4.711

0.367

0.732
16.470

0.094
0.121
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Table 8. Catch overfishing limits, stock and fishery metrics for the 2008 Eastern Bering Sea
Chionoecetes bairdi fishery under Scenario-2, where Brgr=mean 1969-1980 MMB at the time of
mating.. (1 on LMB is total legal retained catch/LMB at the time of the fishery, p on MMB is
Total Catch OFL/MMB at the time of the fishery).

2008 Eastern Bering Sea Chionoecetes baridi
Catch OFL, Stock and Fishery Metrics

Metrics (10°lb):

BREF: 189.764
MMB @ Mating: 108.277
B/BREF: 0.571
FOFL: 0.120

Catch Components (10°%1b):
Total Male Catch OFL: 14.450
Directed Discard Losses MMB: 7.171
Non-Directed Discard Losses MMB: 2.916
Projected Catch OFL: 5.065

Directed Discard Losses LMB: 0.102
Non-Directed Discard Losses LMB: 0.606
Retained Part of Catch OFL: 4.363

Directed Discard Losses @: 0.340
Groundfish Bycatch Losses 9: 0.732
Total Catch Catch:  15.521

Rates:
p on LMB @ Fishery: 0.088
p on MMB @ Fishery: 0.113

Brer=mean 1969-80 MMB @ mating as proxy for Bysy.
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Table 9. Catch overfishing limits, stock and fishery metrics for the 2008 Eastern Bering Sea
Chionoecetes bairdi fishery under Scenario-3, where Brgr=mean 1969-2007 MMB at the time of
mating.. (1 on LMB is total legal retained catch/LMB at the time of the fishery, p on MMB is
Total Catch OFL/MMB at the time of the fishery).

2008 Eastern Bering Sea Chionoecetes baridi
Catch OFL, Stock and Fishery Metrics

Metrics (10°lb):

BREF: 103.811
MMB @ Mating: 97.988
B/BREF: 0.944
FOFL: 0.216

Catch Components (10°%1b):
Total Male Catch OFL: 24.739
Directed Discard Losses MMB: 13.568
Non-Directed Discard Losses MMB: 2.916
Projected Catch OFL: 9.032
Directed Discard Losses LMB: 0.102
Non-Directed Discard Losses LMB: 0.606
Retained Part of Catch OFL: 8.255
Directed Discard Losses 9: 0.643
Groundfish Bycatch Losses ¢: 0.732
Total Catch OFL: 26.114

Rates:

g on LMB @ Fishery: 0.156
pu on MMB @ Fishery: 0.194

Brer=mean 1969-2007 MMB @ mating as proxy for Bysy.
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Table 10. Total pot lift contents for 160 pot lifts sampled during the 2005/2006 (160 pot lifts)
2006/2007 (141 pot lifts) Bering Sea Tanner crab fisheries (Barnard and Burt 2007, 2008). A
total of 29,693 and 49,192 pots were lifted during the 2005/2006 and 2006/2007 fisheries
respectively (Bowers et al. 2008).

Species Total Catch Species Total Catch
2005/06  2006/0 2005/06  2006/07
7
Tanner crab Yellowfin sole 270 123
Legal male 6,612 12,130 Sea star (unidentified) 156 317
Sublegal male 18,578 20,222 Sculpin (inidentified) 132 60
Female 2,838 10,768 Snail (unidentified) 129 23
Pribilof Neptune 62 0
Snow crab Pacific cod 55 31
Legal male 2,726 889 Hermit crab (unidentified) 27 3
Sublegal male 258 13 Lyre crab 18 23
Female 16 0 Yellow Irish lord 16 96
Jellyfish (unidentified) 10 0
Red King crab Sea urchin (unidentified) 8 0
Legal male 0 3 Brittle star (unidentified) 7 5
Sublegal male 29 1 Pacific Halibut 5 1
Female 137 9 Arrowtooth flounder 2 0
Bryozoan (unidentified) 1 0
Tanner x snow crab hybrid Flatfish (unidentified) 1 0
Legal male 107 2 Prowfish 1 0
Sublegal male 50 94 Rock sole (unidentified) 1 2
Female 2 3 Sea cucumber 1 2
Flathead sole 0 2
Blue King crab Hydroid (unidentified) 0 2
Legal male 8 0 Decorator crab 0 1
Sublegal male 112 0 Snailfish (unidentified) 0 1
Female 0 1
NPFMCCrab Plan TeamSAFE
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Table 11. Ecosystem effects on the eastern Bering Sea Tanner crab stocks and fishery
effects on the ecosystem.

Ecosystem effects on Bering Sea Tanner crab stocks

Indicator Observation Interpretation Evaluation
Prey availability

or abundance trends

Plankton During May spring  Promotes phytoplankton and Concern
bloom occurs during Pseudocalnus production.
a seasonal

thermocline along
the north Aleutian
Shelf in ice-free
waters.

Predator population trends

Fish predators Increase in Pacific Pacific cod predators of Concern
(Pacific cod, cod, arrowtooth juvenile and adult Tanner

arrwowtooth flounder, pollock, crab. Juvenile sockeye feed

flounder, Pollock,  and juvenile sockeye on larval Tanner crab.

sculpins) salmon Predation by planktivorous

fishes may be significant in
some years and seasons, but
their overall effect on
recruitment is unknown.
Bottom temperatures during
crab gonadal development
and egg incubation may be
more important.

Disease
Britter crab Prevalences in legal crabs Concern
syndrome low. More prevalent in affecting
smaller crab < 50 mm CW. recruitment
Could affect recruitment. and
potential
impact if it
becomes
epidemic.
Black mat No prevalence in No
syndrome EBS for 20 years concern
Changes in
Habitat Quality
NPFMC Crab Plan TeamSAFE
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Temperature Seasonal ice effects Effect larval release, hatch Concern
regime spring bloom. Early  timing, food availability for
ice retreat then late larvae, larval survival,
bloom and more recruitment success, and year
zooplankton, favors  class strength. Change in
pelagic production trophic structure and
and crab abundance  predator prey populations.
goes down. Late ice  Increase in predators-
retreat then early Pollock, cod, juvenile
bloom and less sockeye salmon, and
zooplankton, favors  arrowtooth flounder.
benthic production Decreased crab abundance.
and crab abundance
goes up. Zooplankton
biomass is declining.
Ocean Calcium carbonate Lab studies have shown a Concern
Acidification saturation horizons ~15% reduction in growth
are relatively shallow and ~67% reduction in
in the North Pacific survival when pH was
Ocean; thus this reduced 0.5 units. Lower pH
ocean is a sentinel for could adversely affect
ocean acidification calcification, reproduction,
effects. development, larval growth,
and larval survival.
Decalcification of calcifying
plankton.
Winter-spring Affects pre-recruit Recruitment success Causes
environmental survival correlated with strength of natural
conditions NE winds during May-June  variability.
which promote retention and Concern.
larval settlement in favorable
mud-sand mid-shelf regions
of EBS.
Production Fairly stable nutrient  Inter-annual variability and ~ Concern
flow from upwelled  recruitment in year class
BS Basin strength
Fishery effects on the eastern Bering Sea ecosystem
Indicator Observation Interpretation Evaluation
Fishery contribution
to bycatch
Prohibitive species  Stable, heavily Minor contribution to Concern

(blue king crab, monitored. Sublegal mortality. Use of degradable
pacific halibut) male Tanner have a  mesh and rings, Tanner
high rate of bycatch. boards and observers.
NPFMC Crab Plan TeamSAFE
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Forage (Pacific cod, Stable, heavily Bycatch levels small relative ~ No
sculpin, yellowfin monitored to forage biomass concern
sole)

HAPC biota Most HAPC biota Low impact from pots. No
are not concentrated concern
in areas of fishery.

ESA and non-ESA Crab fisheries do not No
marine mammals adversely affect listed concern
and birds species or destroy or modify

their habitat
Sensitive non-target  Likely minor impact Minor contribution to No
species mortality concern
Fishery
concentration
in space and time
Fishery effects on Fishery targets legal Some concern of reduction Concern
amount of large size  size males only. of sex ratio and mean size of
target crab male crab in a fishery that

targets legal-size males and

high bycatch of sublegal

males. Other sources of

bycatch.
Fishery contribution
to discards and offal
production
Fishery effects on Fishery targets legal Little bycatch of females. Concern
age-at-maturity and  size males only. Some concern for
fecundity overharvesting legal males

and high bycatch of sublegal

males. Other sources of

bycatch.
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Table 12. Data used to estimate discard and bycatch losses projected in the terminal 2008/09
Bairdi OFL fishery: (a) 2007/08 Tanner crab fishery performance, (b) 2006/07 and 2007/08
Tanner crab discards in the EBS pot fisheries and snow crab retained catch, and (c) 2003-07 EBS
groundfish trawl fishery Tanner crab bycatch.

(a)
2007/08 Observer Fishery Data
EBS Tanner Crab Directed Fishery
Discard” LB Ratio
S.Legal &: 6,842,396 3.24799
Legal &: 82,896 0.03935
All Q: 328,283 0.15583
Retained: 2,106,655 1.0
Total: 9,360,230
(b)
Tanner Crab Non-Directed Pot Fishery Bycatch
(Combined Opilio + RKC Pot Fisheries)
Opilio Bairdi
Retained Discard Ratio
Year 10°LB
2006/07 37.00 3.19 0.086103
2007/08 63.03 3.89 0.061657
2008/09 49.00 *
Average: 0.073880
Projected 2008/09 Bairdi Discard (10° LB): 3.620116
* Projected 2008/09 Opilio retained catch OFL
(c)
Trawl Fishery Tanner Crab Bycatch
(Male + Female Combined)
Year Bycatch (10° LB)
2003 2.7151
2004 1.9751
2005 2.1226
2006 34113
2007 1.2594
Average: 2.2967
NPFMC Crab Plan TeamSAFE
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Figure 1. Distribution and abundance of large male Tanner crab with bottom temperature from
the summer 2008 NMFS EBS trawl survey.
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Figure 2. Distribution and abundance of legal (>= 138 mm cw) and sublegal (< 138 mm cw)
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male Tanner crab in the summer 2008 NMFS EBS trawl survey.
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Figure 3. Distribution and abundance of ovigerous, barren mature, and immature female Tanner
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Figure 4. Eastern Bering Sea District of Tanner crab Registration Area J including subdistricts
and sections (From Bowers et al. 2008).
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(a)
EBS Chionoecetes bairdi Fishery Performance
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Figure 5. Eastern Bering Sea Chionoecetes bairdi retained male catch, total (retained +
discard/bycatch) male catch and total female catch (a), and total male catch vs male mature
biomass at the time of the survey (b), 1965-2008.
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(a)

EBS Chionoecetes bairdi Retained Male Catch

Million Pounds

1965 1970 1975 1980 1985 1990 1995 2000 2005
Year

— US Retained Catch —o— Japan Retained Catch
—+—Russia Retained Catch —=— Total Retained Catch

Figure 6. Eastern Bering Sea Chionoecetes bairdi retained male catch in the directed United
States, Russian and Japanese fisheries, 1965-2007.
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EBS Chionoecetes bairdi Mature & Legal Male Biomass
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Figure 7. Eastern Bering Sea Chionoecetes bairdi mature and legal male biomass at time of the
survey and subsequent mating, 1965-2008. (Note: 2008 MMB and LMB at time of mating are

estimates based on extraction of respective 2008 catch OFLs).
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(a)
EBS Chionoecetes bairdi Exploitation Rate @ Time Fishery
Using Total Catch
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Figure 8. Eastern Bering Sea Chionoecetes bairdi exploitation rate on mature (a) and legal (b)
male biomass at the time of the fishery with associated male biomass metric, 1965-2008.
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For. Control Rule

ForL = Fusy or proxy Fysy
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Figure 9. Fopr Control Rule for Tier-4 stocks under Amendment 24 to the BSAI King and
Tanner Crabs fishery management plan. Directed fishing mortality is set 0 below p.
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Tanner Crab Stock Abundance: 2007 v. 2008

Percent Change
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Figure 10. Percent change in Tanner crab stock abundance between 2007 and 2008 for males (<
110 mm cw, 110-137 mm cw, >= 138 mm cw and total males), females (<85 mm cw, >=85 mm
cw and total females), and for total males + females combined.
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Figure 11. Male Tanner crab length frequency by shell class condition sampled by the EBS
trawl survey, 2006-2008.
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Figure 12. Female Tanner crab length frequency by shell class condition sampled by the EBS

trawl survey, 2006-2008.
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Appendix A. Estimation of eastern Bering Sea Tanner crab OFL using Fis¢, and estimated
fishery selectivities.

The calculation of the OFL in this appendix follows the SSC recommended method from their
June 2008 meeting. The SSC recommended using fishery selectivities, which at the time were
taken from the EA on OFL definitions (Figure A-5), due to the lack of recent data on fishery
selectivities. The Fysy proxy was recommended as F3s¢,/ M which was estimated as 2.1-M from
the analysis presented in June 2008. The same method is used here, except that new fishery
selectivity curves are estimated from the most recent year of fishery data and Fss, is calculated
given the new selectivity curves. The Fysy proxy for the control rule is,

Fumsy proxy = Y M

Gamma = F3s0,/ M

Therefore,

Fusy proxy = (F3se,/ M) - M = F3s9,

So the use of F3sy, as the Fysy proxy in the control rule is equivalent to using ¥, where Y is
estimated as F3so,/ M. This value of F3se, is used with the estimated fishery selectivities as
recommended by the SSC to estimate the OFL. Thus, 7y is specific to the Fss¢, used in the ratio
Fis0,/ M, and it cannot be used without those fishery selectivities, for example in a simple
multiplication on M and mature male biomass to estimate the total catch OFL.

The observer data from the 2006/7 and the 2007/8 fishery seasons were not available for analysis
in June 2008 so the fishery selectivities used in the EA analysis for new OFL definitions were
used in the June 2008 SSC presentation. However, the last two years of fishery data indicate a
change in selectivity and an increase in the discarding in the directed Tanner crab fishery.
Discard and retained selectivities were estimated using the length frequency of the observed
catch from the 2007/8 season as well as the ratio of discarded to retained numbers of crab
(Figure A-1 and Table A-2) and the predicted catch length frequency and numbers (discard and
retained) using the 2007 survey abundance by length projected forward to the time of the fishery.
The discard fishery selectivities were used along with trawl selectivities to estimate bycatch in
the snow crab and trawl fisheries (Figure A-2). F3s¢, was then determined base on the estimated
fishery selectivities and the OFL calculated. Two fishery selectivity scenarios were estimated,
one with retained selectivity at 1.0 for the 140-145 mm length bin and then dropping to 0.5 for
larger sizes (Figure A-1 and Table A-2), and scenario 2 were retained selectivity was 1.0 for all
crab > 140mm (Figure A-4 and Table A-2). The scenario with retained selectivity at 1.0 for all
crab larger than 140mm did not fit the length frequency of the catch as well and also did not fit
the ratio of discard to retained numbers as well as the scenario with retained selectivity at 0.5 at
> 145mm (Figures A-3 and A-5).
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The discard fishery selectivities were estimated differently for each scenario to fit the total length
frequency and the ratio of retained and discarded numbers in the 2007/8 fishery using the 2007
survey length frequency projected forward. The current Tanner crab fishery may not be
targeting specifically on Tanner crab, which results in the drop in selectivity at larger sizes fitting
the fishery data better than selectivity of 1.0 at larger sizes.

The 2008 survey abundance by length was projected forward to estimate catch and MMB using
Fsso, and the estimated fishery selectivities (Table A-1). The total catch OFL for scenario 1 (0.5
selectivity size>145mm) was 16.1 million pounds with a retained directed fishery catch of 5.27
million pounds.  The total catch OFL for scenario 2 (1.0 selectivity size>140mm) was 15.67
million pounds with a retained directed fishery catch of 5.21 million pounds. The total catch
OFL with F=M was 15.37 million pounds with a retained directed fishery catch of 4.71 million
pounds.
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Table A-1. Total male catch OFL (million pounds) using Fss¢, and 2008 survey numbers by
length and mature biomass at mating. Ratio of numbers of discard to retained was 4.09 in the
2007/8 fishery. Scenario 1 ratio in the fitting was 4.37, for the selectivity = 1.0 ratio was 5.05.

Scenario 1 Scenario 2
Retained sel | Retained sel
>145mm = >140 mm =
0.5 1.0
Directed Legal Catch 5.62 5.57
Retained Directed Legal Catch 5.27 5.21
Directed Discard 7.13 6.75
Non-Directed Discard (snow
crab + groundfish trawl) 3.35 3.36
Total Male Catch OFL 16.10 15.67
MMB 106.03 106.47
Brer 178.2 178.2
MMB/ Brer (%) 59.49 59.75
Directed F3so, 0.585 0.411
Directed Control Rule F 2008/9 0.322 0.227
F Snow Crab Fishery 0.105 0.09
NPFMC Crab Plan TeamSAFE
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Table A-2. Estimated retained and discard selectivity. Discard selectivity estimated as a

logistic function with slope 0.17 and size at 50% selected 120 mm from 95 mm to 135 mm.
Value at 135-140 mm fixed at 0.5, and discard selectivity 0 after 140 mm. Values of retained
selectivity set at 1 and 140-145 mm other values (0.5) estimated to fit the length frequency of the
catch and the split in catch between retained and discarded.

Scenario 1 Scenario 2
Retained Discard Retained Discard
CW (mm) | sel sel sel sel

97.5 0] 0.014064 0| 0.032295
102