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Executive summary 

1. Stock: Pribilof islands red king crab (PIRKC), Paralithodes camtschaticus 
2. Catches: Retained catches have not occurred since 1998/1999. Bycatch has been periodic since the late 

2000s. In general, total bycatch is a small fraction of the OFL. 
3. Stock biomass: In recent years, observed mature male biomass (>120mm carapace width) peaked in 

2015 and has steadily declined since then. Using a Tier 4 defnition of BMSY based on the mean MMB 
over a period of time during which the stock is assumed to be fshed at FMSY results in several models 
reporting an overfshed stock. Using a modifed Tier 4 rule that selects a period of time over which the 
stock is assumed to be at unfshed levels and then specifying the BMSY as 35% of the unfshed level 
results in no models reporting an overfshed stock. 

4. Recruitment: Recruitment is only estimated in the integrated model and appears to be episodic. Survey 
length composition data suggest a new year class has been established recently, but its size is unclear. 

5. Recent management statistics: PIRKC is now on a biennial assessment cycle and was last assessed in 
2017. The 2017 recommended model was the random e˙ects model. 

Table 1: Historical status and catch specifcations for Pribilof Islands 
red king crab (t). 

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

2014/15 
2015/16 
2016/17 
2017/18 
2018/19 
2019/20 

2871 
2756 
2751 
2751 
866 

8894 
9062 
4788 
3439 
5368 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

1.06 
4.32 
0.94 
1.41 
7.22 

1359 
2119 
1492 
404 
404 
864 

1019 
1467 
1096 
303 
303 
648 

Table 2: Historical status and catch specifcations for Pribilof Islands 
crab (millions of lbs). 

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

2014/15 
2015/16 
2016/17 
2017/18 
2018/19 
2019/20 

6.33 
6.08 
6.06 
6.06 
1.91 

19.61 
19.98 
10.56 
7.58 
11.83 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0.01 

0 
0 

0.02 

3 
4.67 
3.29 
0.89 
0.89 
1.9 

2.25 
3.23 
2.42 
0.67 
0.67 
1.43 
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6. 2019/2020 OFL projections: 

Table 3: Metrics used in designation of status and OFL (t). ‘Years’ 
indicate the year range over which recruitment is averaged for use in 
calculation of B35. ‘Status’ is the ratio between MMB and BMSY. 
‘M’ is natural mortality. 

Year Tier BMSY MMB Status FOFL Years M 
2019/2020 4 1733 5368 3.098 0.21 2000-2018 0.21 

Table 4: Metrics used in designation of status and OFL (millions of 
lb.). 

Year Tier BMSY MMB Status FOFL Years M 
2019/2020 4 3.821 11.83 3.098 0.21 2000-2018 0.21 

7. Probability distributions of the OFL: No distribution of the OFL was calculated for this assessment cycle. 

8. Basis for ABC: ABCs are calculated using a 25% bu˙er as recommended by the CPT and SSC in 2017. 
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A. Summary of major changes: 

1. Management: This is the frst assessment since PIRKC shifted to a biennial management cycle in 2017. 
2. Input data: Survey and bycatch data were updated with the most recent data in this draft. Some small 

adjustments were made to the recent years of bycatch data after a new download from AKFIN. 
3. Assessment methodology: In addition to the 3 year running average and random e˙ects model presented 

in 2017, results from integrated models developed with GMACS are also presented here. 
4. Assessment results: Stock status depends upon the defnition of BMSY . Scenarios in which BMSY is 

defned as a range of years of biomass when the stock was fshed at FMSY are nearly all overfshed. No 
scenarios in which BMSY is defned as 35% of ‘unfshed’ biomass were overfshed. 

B. CPT and SSC comments/requests from May 2019: 

The CPT and SSC had several comments from May 2019, which are listed below followed by the author’s 
response (CSS): 

SSC: The SSC recognizes the assumptions about retained fshery selectivity and bycatch selectivity that must 
be made in the absence of PIRKC-specifc data, resulting in a tradeo˙ between data and assumptions. The 
SSC looks forward to a more complete description of these tradeo˙s in the September assessment. 

CSS: First, I would note that only in an integrated framework can one actually ask these questions, which 
is a positive point for the integrated assessment in my opinion. Second, I have included several sensitivity 
runs to explore the impacts of assumptions about poorly known population processes. In general, I think the 
improvement in understanding of the stock by incorporating other pieces of information in an integrated 
assessment overshadows the potential problems introduced by incomplete stock-specifc information. I discuss 
this further below. 

SSC: The preliminary assessment noted that many of the CVs were exactly equal to one, which suggests a 
truncation issue. This issue should be investigated for the September assessment. 

CSS: After communication with the Kodiak lab, it was determined that CVs exactly equal to 1 occur when 
the estimate of abundance for a given size class is determined by observations from a single survey station. 
This can occur in the early years of the survey data for PIRKC (i.e. pre 1990, before the population expanded) 
and for size classes that are a subset of all available size classes (e.g. >120mm carapace width). 

SSC: The CPT recommends that the assessment author re-evaluate the assumption that the target biomass 
is set over a range of years over which the stock is thought to be near BMSY . The author should propose 
alternatives (and justifcations) for consideration in September 2019. 

CSS: I can think of two alternatives for a stock that has been rarely fshed over the assessment period: 

1. Identify a period of time at which the stock is at ‘unfshed’ levels and set the BMSY to some fraction 
(e.g. 35%) of unfshed biomass. This is still in the spirit of Tier 4 rules, but adjusts for the special 
circumstances of PIRKC. 

2. Use Tier 3 methodologies for the stock so that reference points are a function of life history and recent 
productivity. This may be somewhat more diÿcult to justify than option #1, given some parameters 
determining important population processes are borrowed from another assessment (though the stocks 
do appear to be genetically indistinct and uncertainty resulting from the Robin Hood approach could 
be addressed by placing wide priors on these parameters and attempting to use Bayesian methods for 
assessment). 

I present option #1 within this document and look forward to discussion about #2 at the CPT meeting. 

SSC: For September 2019, the assessment author proposed to present three assessment models: 

• Inverse variance weighted 3-year running average of mature male biomass. 
• Random e˙ects model ft to survey male biomass. 
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• An integrated assessment model ft to male abundance and length composition data from the NMFS 
summer survey. 

The SSC/CPT supports the choice of these models and the additional guidance provided by the CPT: 

• Attempt to leverage information from the more data-rich BBRKC assessment. 
• Fit the model to biomass rather than total abundance. 
• Thoroughly evaluate the relative weights given to di˙erent data components in the model, in particular 

the size composition data and survey biomass. 

CSS: Given the discussion on natural mortality in the snow crab assessment and past discussions for PIRKC, 
I have also added two scenarios exploring the impact of di˙erent assumptions about M. In total, I present 7 
models for consideration here: 

• 19.01 : Inverse variance weighted, 3 year running average 
• 19.02 : Random e˙ects model 
• 19.1 : GMACS ft to biomass with assumptions borrowed from BBRKC 
• 19.2 : 19.1 + with more of the population selected in the trawl bycatch 
• 19.3 : 19.1 + molting probability shifted to the left 
• 19.4 : 19.1 + increased M (Hamel) 
• 19.5 : 19.1 + increased M (Then) 

The author’s preferred model is 19.4 with the modifed Tier 4 defnition of BMSY . This combination of 
model and HCR incorporates all available information for the stock, uses a more defensible prior for M, and 
addresses inconsistencies in the defnition of BMSY for PIRKC. 
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C. Introduction 

Distribution 

Red king crabs, Paralithodes camtschaticus, (Tilesius, 1815) are anomurans in the family lithodidae and are 
distributed from the Bering Sea south to the Queen Charlotte Islands and to Japan in the western Pacifc 
(Jensen 1995; Figure 1). Red king crabs have also been introduced in the Barents Sea (Jorstad et al. 2002). 
The Pribilof Islands red king crab stock is located in the Pribilof District of the Bering Sea Management 
Area Q. The Pribilof District is defned as Bering Sea waters south of the latitude of Cape Newenham (58 39 
N lat.), west of 168 W long., east of the United States-Russian convention line of 1867 as amended in 1991, 
north of 54.36 N lat. between 168.00 N and 171.00 W long. and north of 55.30 N lat. between 171 00 W. 
long and the US-Russian boundary (Figure 2). The distribution of red king crab within the Pribilof District 
is concentrated around the islands (see Figure 3 for distribution in 2019). 

Stock structure 

Populations of red king crab in the eastern Bering Sea (EBS) for which genetic studies have been performed 
appear to be composed of three stocks: Okhotsk Sea-Aleutian Islands-Norton Sound, Southeast Alaska, and 
the rest of the EBS (Grant and Cheng 2012). 

Life history 

Red king crabs reproduce annually and mating occurs between hard-shelled males and soft-shelled females. 
Red king crabs do not have spermathecae and cannot store sperm, therefore a female must mate every year 
to produce a fertilized clutch of eggs (Powell and Nickerson 1965). A pre-mating embrace is formed 3-7 days 
prior to female ecdysis, the female molts, and copulation occurs within hours. The male inverts the female so 
they are abdomen to abdomen and then the male extends his ffth pair of periopods to deposit sperm on the 
female’s gonopores. Eggs are fertilized after copulation as they are extruded through the gonopores located 
at the ventral surface of the coxopides of the third periopods. The eggs form a spongelike mass, adhering to 
the setae on the pleopods where they are brooded until hatching (Powell and Nickerson 1965). 

Fecundity estimates are not available for Pribilof Islands red king crab, but range from 42,736 to 497,306 
eggs per female for Bristol Bay red king crab (Otto et al. 1990). The estimated size at 50 percent maturity 
of female Pribilof Islands red king crabs is approximately 102 mm carapace length (CL) which is larger than 
89 mm CL reported for Bristol Bay and 71 mm CL for Norton Sound (Otto et al. 1990). Size at maturity 
has not been determined specifcally for Pribilof Islands red king crab males, however, approximately 103 
mm CL was reported for eastern Bering Sea male red king crabs (Somerton 1980). In the recent history of 
the assessment of PIRKC, crab greater than 120 mm carapace width were used as a measure of mature male 
bioamss. Early studies predicted that red king crab become mature at approximately age 5 (Powell 1967; 
Weber 1967); however, Stevens (1990) predicted mean age at maturity in Bristol Bay to be 7 to 12 years, and 
Loher et al. (2001) predicted age at maturity to be approximately 8 to 9 years after settlement. 

Natural mortality of Bering Sea red king crab stocks is poorly known (Bell 2006). Based upon a long-term 
laboratory study, longevity of red king crab males is approximately 21 years and less for females (Matsuura 
and Takeshita 1990). Siddeek et al. (2002) reviewed natural mortality estimates from various sources. Natural 
mortality estimates based upon historical tag-recapture data ranged from 0.001 to 0.93 for crabs 80-169 mm 
CL with natural mortality increasing with size. Natural mortality estimates based on more recent tag-recovery 
data for Bristol Bay red king crab males ranged from 0.54 to 0.70, however, the authors noted that these 
estimates appear high considering the longevity of red king crab. Natural mortality estimates based on trawl 
survey data vary from 0.08 to 1.21 for the size range 85-169 mm CL, with higher mortality for crabs <125 
mm CL. In an earlier analysis that utilized the same data sets, Zheng et al. (1995) concluded that natural 
mortality is dome shaped over length and varies over time. Natural mortality was set at 0.2 for Bering Sea 
king crab stocks (NPFMC 1998) and was changed to 0.18 with Amendment 24. Natural mortality based on 
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empirical estimates for a maximum age of 21 from Hoenig (1983), Hamel (2015), and Then et al. (2015) are 
0.21, 0.26, and 0.30, respectively. Assuming a maximum age of 25 (following BBRKC) results in natural 
mortalities of 0.18, 0.22, 0.26 for Hoenig, Hamel, and Then methodologies, respectively. 

The reproductive cycle of Pribilof Islands red king crabs has not been established, however, in Bristol Bay, 
timing of molting and mating of red king crabs is variable and occurs from the end of January through the 
end of June (Otto et al. 1990). Primiparous (i.e. brooding their frst egg clutch) Bristol Bay red king crab 
females extrude eggs on average 2 months earlier in the reproductive season and brood eggs longer than 
multiparous (i.e. brooding their second or subsequent egg clutch) females (Stevens and Swiney 2007a, Otto et 
al. 1990), resulting in incubation periods that are approximately eleven to twelve months in duration (Stevens 
and Swiney 2007a, Shirley et al. 1990). Larval hatching among red king crabs is relatively synchronous 
among stocks and in Bristol Bay occurs March through June with peak hatching in May and June (Otto et 
al. 1990), however larvae of primiparous females hatch earlier than multiparous females (Stevens and Swiney 
2007b, Shirley and Shirley 1989). As larvae, red king crabs exhibit four zoeal stages and a glaucothoe stage 
(Marukawa 1933). 

Growth parameters have not been examined for Pribilof Islands red king crabs; however they have been 
studied for Bristol Bay red king crab. A review by the Center for Independent Experts (CIE) reported that 
growth parameters are poorly known for all red king crab stocks (Bell 2006). Growth increments of immature 
southeastern Bering Sea red king crab are approximately: 23% at 10 mm CL, 27% at 50 mm CL, 20% at 80 
mm CL and 16 mm for immature crab over 69 mm CL (Weber 1967). Growth of males and females is similar 
up to approximately 85 mm CL, thereafter females grow more slowly than males (Weber 1967; Loher et al. 
2001). In a laboratory study, growth of female red king crab was reported to vary with age; during their 
pubertal molt (molt to maturity) females grew on average 18.2%, whereas primiparous females grew 6.3% 
and multiparous females grew 3.8% (Stevens and Swiney, 2007a). Similarly, based upon tag-recapture data 
from 1955-1965 researchers observed that adult female growth per molt decreases with increased size (Weber 
1974). Adult male growth increment averages 17.5 mm irrespective of size (Weber 1974). 

Molting frequency has been studied for Alaskan red king crabs, but Pribilof Islands specifc studies have not 
been conducted. Powell (1967) reports that the time interval between molts increases from a minimum of 
approximately three weeks for young juveniles to a maximum of four years for adult males. Molt frequency 
for juvenile males and females is similar and once mature, females molt annually and males molt annually for 
a few years and then biennially, triennially and quadrennial (Powell 1967). The periodicity of mature male 
molting is not well understood and males may not molt synchronously like females who molt prior to mating 
(Stevens 1990). 

Management history 

Red king crab stocks in the Bering Sea and Aleutian Islands are managed by the State of Alaska through the 
federal Fishery Management Plan (FMP) for Bering Sea/Aleutian Islands King and Tanner Crabs (NPFMC 
1998). The Alaska Department of Fish and Game (ADF&G) has not published harvest regulations for the 
Pribilof district red king crab fshery. The king crab fshery in the Pribilof District began in 1973 with blue 
king crab Paralithodes platypus being targeted (Figure 4). A red king crab fshery in the Pribilof District 
opened for the frst time in September 1993. Beginning in 1995, combined red and blue king crab GHLs 
were established. Declines in red and blue king crab abundance from 1996 through 1998 resulted in poor 
fshery performance during those seasons with annual harvests below the fshery GHL. The North Pacifc 
Fishery Management Council (NPFMC) established the Bering Sea Community Development Quota (CDQ) 
for Bering Sea fsheries including the Pribilof Islands red and blue king crab fsheries which was implemented 
in 1998. From 1999 to present the Pribilof Islands fshery was not open due to low blue king crab abundance, 
uncertainty with estimated red king crab abundance, and concerns for blue king crab bycatch associated with 
a directed red king crab fshery. Pribilof Islands blue king crab was declared overfshed in September of 2002 
and is still considered overfshed (see Bowers et al. 2011 for a more complete management history). 

Amendment 21 to the BSAI groundfsh FMP established the Pribilof Islands Habitat Conservation Area 
(Figure 2) which prohibits the use of trawl gear in a specifed area around the Pribilof Islands year round 

C1 PIRKC SAFE 
OCTOBER 2020

7



(NPFMC 1994). The amendment went into e˙ect January 20, 1995 and protects the majority of crab habitat 
in the Pribilof Islands area from impacts from trawl gear. 

Pribilof Islands red king crab occur as bycatch in the eastern Bering Sea snow crab (Chionoecetes opilio), 
eastern Bering Sea Tanner crab (Chionoecetes bairdi ), Bering Sea hair crab (Erimacrus isenbeckii ), and 
Pribilof Islands blue king crab fsheries (when there is one). Limited non-directed catch exists in crab fsheries 
and groundfsh pot and hook and line fsheries (see bycatch and discards section below). However, bycatch is 
currently very low compared to historical levels and the OFL. 

D. Data 

The following sources and years of data are available: NMFS trawl survey (1976-present), retained catch 
(1993-present), trawl bycatch (1991-present), fxed gear bycatch (1991-present), and pot discards (1998 to 
present). 

Retained catch 

Red king crab were targeted in the Pribilof Islands District from the 1993/1994 season to 1998/1999. Live 
and deadloss landings data and e˙ort data are available during that time period (Table 5), but no retained 
catch has been allowed since 1999. 

Bycatch and discards 

Non-retained (directed and non-directed) pot fshery catches are provided for sub-legal males (<138 mm CL), 
legal males (>138 mm CL), and females based on data collected by onboard observers. Catch weight was 
calculated by frst determining the mean weight (g) for crabs in each of three categories: legal non-retained, 
sublegal, and female. Length to weight parameters were available for two time periods: 1973 to 2009 (males: 
A=0.000361, B=3.16; females: A=0.022863, B=2.23382) and 2010 to 2013 (males: A=0.000403, B=3.141; 
ovigerous females: A=0.003593, B=2.666; non-ovigerous females: A=0.000408, B=3.128). The average weight 
for each category was multiplied by the number of crabs at that CL, summed, and then divided by the total 
number of crabs. 

wl = �l� (1) P 
l wlNl 

wavg = P (2) 
l Nl 

Finally, weights, discards, and bycatch were the product of average weight, CPUE, and total pot lifts in the 
fshery. A 20% handling mortality rate was applied to these estimates (assumed the same as Bristol Bay red 
king crab). 

Historical non-retained catch data are available from 1998/1999 to present from the snow crab, golden king 
crab (Lithodes aequispina), and Tanner crab fsheries although data may be incomplete for some of these 
fsheries. Limited observer data exists prior to 1998 for catcher-processor vessels only so non-retained catch 
before this date is not included here. In recent years, catch of PIRKC in other crab fsheries has been almost 
non-existent. 

Bycatch from groundfsh fsheries from 1989 to present are available in the AKFIN database and included 
in the integrated assessment as a single fshery with selectivity equal to the trawl fshery estimated in the 
BBRKC assessment (Figure 5). See Calahan et al. 2010 for a description of the methodology used to develop 
these data. 
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Catch-at-length 

Catch-at-length data are not available for this fshery. 

Survey abundance and length composition 

The most up-to-date NOAA Fisheries EBS bottom trawl survey results are included in this SAFE report 
(1976-2019; see Lang et al. 2018 for methodology). Data available for estimating the abundance of crab 
around the Pribilof Islands are relatively sparse. Male abundance varies widely over the history of the survey 
time series and uncertainty around area-swept estimates of abundance is large due to relatively low sample 
sizes (Figure 6). Red king crab have been observed at 35 unique stations of the 44 stations in the Pribilof 
District over the years 1976 to present (22 stations on the 400 nm2 grid). The number of stations at which 
at least one crab was observed in a given year ranges from 0-14 over the period from 1976-present (Figure 7). 
Male crabs were observed at 12 stations in the Pribilof District during the 2019 survey. Although estimated 
numbers at length are variable from year to year, 3 to 4 cohorts can be discerned in the length composition 
data (Figure 8). 

The centers of distribution for both males and females have moved within a 40 nm by 40 nm region around 
St. Paul Island. The center of the red king crab distribution moved to within 20 nm of the northeast side of 
St. Paul Island as the population abundance increased in the 1980s and remained in that region until the 
1990s. Since then, the centers of distribution have generally been located closer to St. Paul Island. Currently, 
the largest tows were observed north and east of St. Paul Island (Figure 3). Mature male biomass (>120 mm) 
at the time of the survey has declined in recent years (Figure 9). However, a potential recruitment event 
occurred in recently (Figure 8) and has been observed in the survey data for the past two years. Given the 
variability in the survey data, more observations will be needed to corroborate this observation. 

E. Analytical approaches 

History of modeling 

An inverse-variance weighted 3-year running average of male biomass (>=120mm) based on densities estimated 
from the NMFS summer trawl survey has been used in past years to set allowable catches. In 2017, biomass 
and derived management quantities were also estimated by several iterations of a random e˙ects method, one 
of which was selected by the CPT as the chosen model. The Tier 4 harvest control rule (HCR) is used in 
conjunction with estimates of MMB to calculate the OFL. In the Tier 4 HCR, natural mortality is used as a 
proxy for the fshing mortality at which maximum sustainable yield occurs (FMSY ) and target biomasses are 
set by identifying a range of years over which the stock was thought to be near BMSY . The Tier 4 BMSY 

proxy for PIRKC was calculated in 2017 as the average of the 1991/92 to the present year of observed survey 
data projected forward to February 15, removing the observed catch. Given the fshing history of PIRKC, 
accommodating this stock with the current Tier 4 rule is challenging, so an alternate version is presented in 
this assessment (see below). This year, an integrated assessment developed with GMACS is also presented 
for comparison with the other methods. Below are brief descriptions of each methodology 

Running average 

An inverse variance weighted 3 year running average of mature male biomass at survey time was calculated 
by: 

Pt+1 
t−1 MMBt/˙2 

t 
RAt = Pt+1 (3) 

t−1 1/˙2 
t 

C1 PIRKC SAFE 
OCTOBER 2020

9



where MMBt is the estimated mature male biomass (>=120 mm carapace width) from the survey data and 
˙2 are the associated variances (Figure 9). t 

Random e˙ects model 

A random e˙ects model was ft to the survey male biomass (>=120mm) for estimation of current biomass, 
MMB at mating, OFL, and ABC. This model was developed for use in NPFMC groundfsh assessments and 
uses the same input data as the running average model. The likelihood equation for the random e˙ects model 
is: 

X ( B̂i − Bi)2 X ( B̂t−1 − B̂t)2 

0.5(log(2ˇ˙2 ) + ) + 0.5(log(2ˇ˙2 ) + ) (4) i p

i=1 t=2 
˙i 

2 ˙p 
2 

where Bi is the observed biomass in year i, B̂t is the model estimated biomass in year t, ̇ 2 is the variance i 

of observed biomass in year i, ˙2 is the variance of the deviations in log survey biomass between years p 

(i.e. process error variance). ˙2 was estimated as e2�, where � is a parameter estimated in the random e˙ects p 

model. 

Iterations performed to address problems in convergence for the 2017 assessment by adding priors on variance 
components contained an error in the modifed .TPL fle used (Turnock et al., 2016 & Turnock, pers. 
comm.). Turnock suggested trying to ft the original model with updated data to see if it converged; it did. 
Consequently, the presented random e˙ect model is the ‘standard’ version of the random e˙ects code used in 
NPFMC ground fsh assessments. The general result of ftting of the running average and random e˙ects 
model is a smoothing of the time series of biomass estimated from the survey (Figure 10). 

Integrated assessment model 

Results from an integrated assessment framework have been presented since 2014 (Szuwalski, Turnock and 
Foy, 2015), but this year the integrated assessment was implemented using the general model for assessing 
crustacean stocks, GMACS (Ianelli, pers. com.). Previous integrated assessments ft to male abundance, but 
this iteration ft male biomass >120 mm carapace width to facilitate comparison with the other assessment 
methods. Retained catches and bycatch were ft using assumed selectivities from the BBRKC assessment 
(Zheng et al., 2018). Growth was estimated and informed by cohorts moving through the population and 
assumptions about natural mortality and molting probabilities. Molting probabilities and survey catchability 
were fxed based on the estimates from the 2018 BBRKC assessment. 120 parameters were estimated (Table 6) 
and 7 parameters were fxed (Table 7). Several di˙erent scenarios are presented for the integrated assessment 
to explore the impact of the assumptions about poorly known population processes on management advice, 
including sensitivities to trawl selectivity, molting probabilities, and natural mortality. A bin size of 5 mm 
was selected to model numbes at length in the integrated assessment based on Szuwalski (2015). 

Fits to data and estimated and assumed population processes 

Survey biomass and length composition data 

Fits to the survey biomass varied by model; models with higher M were able to respond more strongly to 
interannual changes in biomass (Figure 9). The base model (19.1) that informed assumed parameters by 
estimates from the BBRKC assessment was the only model that did not display an uptick in predicted 
biomass for the terminal year of biomass. Although a relatively coherent story of 3 to 4 cohorts moving 
through the population were captured by all models (save 19.5, which identifed 4), there were sometimes 
substantial di˙erences between the fts to the size composition data among models (Figure 11). One of the 
largest di˙erences comes in the last two years of size composition data. Model 19.1 does not ft what appear 
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to be a newly established cohort, while models 19.2, 19.3, and 19.4 ft them closely. Di˙erences in fts to the 
size composition data are likely related to di˙erences in estimated survey selectivity (Figure 12). The slope 
parameter (‘growth_cv’ in GMACS) for the logistic function varied among models (Table 6). Trajectories of 
predicted mature male biomass at the time of mating were similar across models, with notable departures 
in the fnal year and from model 19.5 (Figure 13). Model 19.4 has the best fts of the models that used 
parameters estimated in the BBRKC assessment (Table 11). 

Retained catches, bycatches, and estimated fshing mortality 

Retained catches and bycatches were ft essentially identically by all models (Figure 14), but the inferred 
infuence of the fshery on the population as seen through the estimated fshing mortality varied by model 
(Figure 15). Model 19.2 has the highest estimated fshing mortality, model 19.1 had the highest bycatch 
mortality, and model 19.5 had the smallest estimated fshing and bycatch mortality. 

Molting probability and growth 

Growth was estimated within each model and varied considerably among models (Figure 16). Molting 
probability was fxed according to the estimates from the 2018 BBRKC assessment, except for one model 
(19.3), which shifted the curve to the left 10 mm (Figure 17). No growth data exist to ft to, so the information 
to estimate growth comes from the modes of the survey size composition data, natural mortality, and 
probability of molting by size. Still, the range of growth increments from all models are roughly consistent 
with studies done for red king crab elsewhere. 

Estimated recruitment 

Three to four large year classes are estimated for each model. Model 19.1 does not ft the recent length comp 
data and does not estimate any recruitment in the 2010s. Model 19.5 estimates an extra cohort in 2001 that 
the other models do not. The size and exact timing of cohorts that all models agree on vary, depending upon 
the assumptions made about other life history processes (Figure 18). The second recruitment pulse (around 
the early 1990s) occurs in di˙erent years for di˙erent models. This is primarily a result of di˙erent fts to 
somewhat noisy length compositions in 1996-98. 

F. Calculation of reference points 

Tier 4 OFL and BMSY 

Tier 4 control rules use natural mortality as a proxy for FMSY and calculates a proxy for BMSY by averaging 
the biomass over a period of time when the stock is thought to have been at BMSY . A Tier 4 OFL is 
calculated by applying a fshing mortality determined by the harvest control rule below to the mature male 
biomass at the time of fshing. 

FOF L = 

8 >>>>>>< >>>>>>: 

MMB Bycatchonly if � 0.25 MMBMSY 

MMB �M( −�) M MBMSY MMB 
1−� if0.25 < < 1 (5) 

MMBMSY 

�M ifMMB > MMBMSY 

Where MMB is the mature male biomass projected to the time of mating, MMBMSY is the average mature 
male biomass over the years 1991-present, M is natural mortality, and � determines the slope of the descending 
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limb of the HCR (here set to 0.05). Two di˙erent versions of BMSY are calculated for the 7 models presented: 
the status quo and one in which the average MMB from 2000-present is taken as an ‘unfshed’ biomass and 
BMSY is specifed as 35% of that unfshed biomass. Selecting a range of years over which the population is 
unfshed is diÿcult, particularly for a population driven by sporadic recruitment. Here the year 2000 was 
selected as the beginning of the ‘unfshed’ period because fshing ceased in the 1998/1999 season. The harvest 
control rule is used to calculate two OFLs for each model using each of these reference points. 

A large range of terminal year MMBs were estimated by the presented scenarios (1627-7298 t). Similarly, the 
resulting BMSY varied widely (status quo range: 4696-5389 t; modifed range: 1587-1934 t) along with the 
calculated OFLs (status quo range: 78-1054 t; modifed range: 237-1642 t). In general, fewer stocks were 
overfshed and OFLs were larger with the modifed BMSY (Table 10). 

Acceptable biological catches 

ABCs are calculated for other crab stocks in the Bering Sea by multiplying the OFL by a bu˙er determined 
by the CPT and SSC. Stocks with similar levels of uncertainty use a bu˙er of 25%. The ABC for the author’s 
preferred model 19.4 is 648. 

Variables related to scientifc uncertainty in the OFL probability distribution 

Uncertainties in estimates of biomass for Pribilof Islands red king crab were relatively high due to small 
sample sizes. The coeÿcient of variation for the estimate of male abundance for 2018 was 0.33 and has ranged 
between 0.36 and 0.92 since the 1991 peak in biomass (Figure 9). Recruitment, growth, and survey selectivity 
were estimated within the integrated assessment, but maturity, survey catchability, fshery selectivity, and 
natural mortality were fxed to values from the BBRKC assessment. Fitting to data to inform these processes 
might increase both the accuracy and uncertainty in estimates of management quantities. FMSY was assumed 
to be equal to natural mortality, which is poorly known. Sources of mortality from discard in the crab pot 
fshery and the fxed gear fshery were not included in the integrated assessment because of a lack of length 
data to apportion removals correctly. Including these sources of mortality may alter the estimated MMB 
(but probably not much given their small magnitudes). 

G. Author Recommendation 

The author’s preferred model is 19.4 used with the modifed defnition of BMSY to calculate the OFL for 
several reasons. First, the modifed defnition of BMSY is more consistent with the intent of the tier 4 
harvest control rule. The objective is to use a period of time within the fshery as a reference for sustainable 
exploitation; unfortunately, there are only 5 fshing years out of 39 years of the existence of an appreciable 
population of PIRKC. Using the unfshed state of PIRKC as the ‘reference’ and defning BMSY as a fraction 
of that level is a suitable compromise between the intent of the tier rule and the reality of the fshery. 

The use of an integrated model is also preferable to either of the smoothing algorithms previously used 
because it incorporates the clearest signal available to inform PIRKC population dynamics available: the 
length composition data from the survey. The length composition data clearly show cohorts moving through 
the population; the survey biomass data are exceptionally noisy. The estimated biomasses from the integrated 
models are also more realistic in their dynamics than either of the smoothers. The decreases seen in the 
random e˙ects model imposed by ftting to the higher observations are inconsistent with information available 
on natural mortality for red king crab. The time elapsed from the peaks of biomass to the troughs in the 
running average and random e˙ects models is much shorter than would be expected with a natural mortality 
of 0.18 (or even the higher Ms considered here). 

The integrated model provides a platform to perform sensitivities to model assumptions and expand under-
standing of PIRKC population dynamics that is not available with the smoothing algorithms. The integrated 

C1 PIRKC SAFE 
OCTOBER 2020

12



models did di˙er in their estimates of terminal year biomass and this is likely related to the way in which each 
model fts the length composition data and the assumed M, which should be points for future investigation. 

H. Data gaps and research priorities 

The largest data gap is the number of observations from which the population size and biomass is extrapolated 
and this will not likely change in the future. The small sample sizes (and no expected increases in sample 
size) support the use of as much of the available data as possible in assessment e˙orts. Catch-at-length data 
for the trawl fshery are also currently unavailable, but their inclusion would allow trawl fshery selectivity to 
be estimated and discard mortality specifc to PIRKC to be incorporated into the integrated model. Research 
on the probability of molting at length for males would allow the use of data specifc to PIRKC in specifying 
molting probability in the assessment. Research aimed at the catchability and availability of PIRKC in the 
NMFS survey may also shed some light on divergent changes in abundance in recent years. The Bering Sea 
Fisheries Research Foundation (BSFRF) selectivity studies sampled crab around the Pribilof Islands in 2017 
and 2018, so it is possible some analysis could be performed with those data. Retrospective analyses were not 
performed because the integrated assessment has not yet been accepted as the base model. Finally, Bayesian 
methods with di˙use priors for population processes is a potential methodology to better account for the 
uncertainties. 

I. Ecosystem Considerations 

The impact of a directed fshery for Pribilof Islands red king crab on the population of Pribilof island blue 
king crab will likely continue to be the largest ecosystem consideration facing this fshery and preclude the 
possibility of a directed fshery for red king crab. Linking changes in productivity as seen in the 1980s with 
environmental infuences is a potential avenue of research useful in selecting management strategies for crab 
stocks around the Pribilof Islands (e.g. Szuwalski and Punt, 2013a). It is possible that the large year class in 
the mid-1980s refected changing environmental conditions, similar to proposed relationships between the 
Pacifc Decadal Oscillation snow crab recruitment in the EBS (Szuwalski and Punt, 2013b; overland et al., 
2008). Ocean acidifcation also appears to have a large detrimental e˙ect on red king crab (Long et al., 2013), 
which may impact the productivity of this stock in the future. 
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Appendix A. Data fle for the reference model 

#======================================================================================================== 
# Gmacs Main Data File Version 1.1: BBRKC Example 
# GEAR_INDEX DESCRIPTION 
# 1 : Pot fishery retained catch. 
# 1 : Pot fishery with discarded catch. 
# 2 : Trawl bycatch 
# 3 : Trawl survey 
# Fisheries: 1 Pot "Fishery," 2 Trawl "by-catch," 
# Surveys: 3 NMFS Trawl "Survey," 
#======================================================================================================== 
1976 # Start year 
2019 # End year 
3 # Number of seasons 
3 # Number of fleets (fishing fleets and surveys) 
1 # Number of sexes 
1 # Number of shell condition types 
1 # Number of maturity types 
35 # Number of size-classes in the model 
3 # Season recruitment occurs 
3 # Season molting and growth occurs 
3 # Season to calculate SSB 
1 # Season for N output 
# size_breaks (a vector giving the break points between size "intervals," dim=nclass+1) 
35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 
# Natural mortality per season input type (1 = vector 
1
# Proportion of the total natural mortality to be applied each 
0.33 0.33 0.34 #made up; fix soon 
# Fishing fleet names (delimited with: no spaces in names) 
Pot_Fishery:trawl_bycatch 
# Survey names (delimited with: no spaces in names) 
NMFS_Trawl 
# Are the seasons instantaneous (0) or continuous (1) 
1 1 1 
#1 1 1 1 1 1 1 
# Number of catch data frames 
2
# Number of rows in each data frame 
6 28 

by "season," 2 = matrix by 

season 

## =============================================================================== ## 
## CATCH DATA 
## Type of "catch: 1 = retained, 2= discard, 0 =total 
## Units of catch: 1 = biomass, 2 = numbers""" 
## ===============================================================================## 
## Male retained pot fishery (tonnes) 
#year seas fleet sex obs cv type units mult effort discard_mortality 
1993 2 1 1 1183 0.05 1 1 1 0 0 
1994 2 1 1 607.34 0.05 1 1 1 0 0 
1995 2 1 1 407.32 0.05 1 1 1 0 0 
1996 2 1 1 90.87 0.05 1 1 1 0 0 
1997 2 1 1 343.29 0.05 1 1 1 0 0 
1998 2 1 1 246.91 0.05 1 1 1 0 0 

*Some portions of the .DAT and .CTL files do not fit on the page.  For complete .DAT files or .CTL files, contact the author.
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## trawl bycatch 
#year seas fleet sex obs cv type units mult effort discard_mortality 
1991 2 2 1 2.30835 0.05 2 1 1 0 0.2 
1992 2 2 1 45.78308 0.05 2 1 1 0 0.2 
1993 2 2 1 39.86201 0.05 2 1 1 0 0.2 
1994 2 2 1 6.07316 0.05 2 1 1 0 0.2 
1995 2 2 1 0.58299 0.05 2 1 1 0 0.2 
1996 2 2 1 0.83782 0.05 2 1 1 0 0.2 
1997 2 2 1 0.79465 0.05 2 1 1 0 0.2 
1998 2 2 1 2.96197 0.05 2 1 1 0 0.2 
1999 2 2 1 6.23081 0.05 2 1 1 0 0.2 
2000 2 2 1 2.07843 0.05 2 1 1 0 0.2 
2001 2 2 1 10.42956 0.05 2 1 1 0 0.2 
2002 2 2 1 6.52286 0.05 2 1 1 0 0.2 
2003 2 2 1 2.5817 0.05 2 1 1 0 0.2 
2004 2 2 1 8.00301 0.05 2 1 1 0 0.2 
2005 2 2 1 6.43697 0.05 2 1 1 0 0.2 
2006 2 2 1 16.52315 0.05 2 1 1 0 0.2 
2007 2 2 1 2.22395 0.05 2 1 1 0 0.2 
2008 2 2 1 9.02576 0.05 2 1 1 0 0.2 
2009 2 2 1 2.53139 0.05 2 1 1 0 0.2 
2010 2 2 1 8.39336 0.05 2 1 1 0 0.2 
2011 2 2 1 6.59366 0.05 2 1 1 0 0.2 
2012 2 2 1 15.85071 0.05 2 1 1 0 0.2 
2013 2 2 1 2.63377 0.05 2 1 1 0 0.2 
2014 2 2 1 1.06727 0.05 2 1 1 0 0.2 
2015 2 2 1 4.32168 0.05 2 1 1 0 0.2 
2016 2 2 1 0.94395 0.05 2 1 1 0 0.2 
2017 2 2 1 1.41398 0.05 2 1 1 0 0.2 
2018 2 2 1 7.22089 0.05 2 1 1 0 0.2 
##===============================================================================## 
## RELATIVE ABUNDANCE DATA 
## Units of Abundance: 1 = "biomass," 2 = numbers 
## TODO: add column for maturity for terminal molt life-histories 
## ===============================================================================## 
## Number of relative abundance indicies 
1 
## Number of rows in each index 
44 
# Survey data (abundance "indices," units are 1000 mt) 
#Year Season Fleet Sex Abundance CV Units 
1976 1 3 1 165.0820617 1 1 
1977 1 3 1 118.6098455 1 1 
1978 1 3 1 1249.504275 0.825444585 1 
1979 1 3 1 555.786924 0.515229785 1 
1980 1 3 1 1268.984093 0.382081279 1 
1981 1 3 1 312.2868886 0.584325303 1 
1982 1 3 1 1463.679065 0.698000353 1 
1983 1 3 1 526.744361 0.533724327 1 
1984 1 3 1 317.2336136 0.548811503 1 
1985 1 3 1 61.48435668 1 1 
1986 1 3 1 137.6189026 0.69839786 1 
1987 1 3 1 53.57634662 1 1 
1988 1 3 1 106.6465639 1 1 
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combined

0.097560976 0 0 0 0 0 0.012195122 0.097560976 0.06097561 0.048780488 0.024390244 0 0 0.012195122 0 0 0 0 0 0 0 0 0 0 0 0 0
0.097560975 0.060975609 0.024390244 0.048780488 0.024390244 0.036585366 0.048780488 0.085365853 0.121951219 0.097560975 0.073170731 0 0.048780488 0 0.012195122 0 0 0 0 0 0 0 0

0.004962619 0.082338287 0.182305781 0.447729973 0.172640584 0.080052008 0.009990248 0 0 0.007508939 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.019417476 0.009708738 0.058252428 0.077669903 0.184466021 0.184466021 0.23300971 0.077669903 0.067961165 0.019417476 0 0.009708738 0.009708738 0 0 0 0 0 0 0 0

0.052631579 0.026315789 0.013157895 0 0.013157895 0.026315789 0.118421052 0.105263157 0.144736842 0.078947368 0.157894736 0.078947368 0.039473684 0.026315789 0 0 0 0 0 0 0 0
0 0.033302365 0 0.033302365 0.06660473 0.055966759 0.140611122 0.178538248 0.167900276 0.06197997 0.139222672 0.055966759 0.033302365 0 0 0 0 0 0

0.033898305 0.016949152 0.050847457 0.06779661 0.04519774 0.06779661 0.050847457 0.073446327 0.06779661 0.056497175 0.112994349 0.112994349 0.101694914 0.050847457 0.06779661 0.011299435 0 0 0 0

1989 1 3 1 1529.464076 0.90992879 1 
1990 1 3 1 1141.083317 0.928450918 1 
1991 1 3 1 4429.984707 0.796181771 1 
1992 1 3 1 3304.807041 0.596461097 1 
1993 1 3 1 9873.34095 0.921566362 1 
1994 1 3 1 9138.77513 0.767521538 1 
1995 1 3 1 18055.69546 0.60095161 1 
1996 1 3 1 2361.497955 0.371521839 1 
1997 1 3 1 6158.829812 0.622539865 1 
1998 1 3 1 2323.52199 0.35996772 1 
1999 1 3 1 5522.918743 0.666747632 1 
2000 1 3 1 4320.463935 0.37363563 1 
2001 1 3 1 8603.167987 0.786467508 1 
2002 1 3 1 7037.318355 0.685911274 1 
2003 1 3 1 5372.970101 0.657890334 1 
2004 1 3 1 3621.908657 0.589178579 1 
2005 1 3 1 1238.268912 0.585062881 1 
2006 1 3 1 7002.930989 0.382674833 1 
2007 1 3 1 5223.698293 0.492451158 1 
2008 1 3 1 5462.268463 0.506106314 1 
2009 1 3 1 2500.339048 0.63776799 1 
2010 1 3 1 4404.990634 0.436292304 1 
2011 1 3 1 3834.344372 0.648228535 1 
2012 1 3 1 4477.112792 0.573312819 1 
2013 1 3 1 7749.452256 0.619447168 1 
2014 1 3 1 12046.84171 0.784574994 1 
2015 1 3 1 15172.86095 0.738783782 1 
2016 1 3 1 4150.360114 0.700657951 1 
2017 1 3 1 3658.466372 0.645985498 1 
2018 1 3 1 928.7018441 0.42596546 1 
2019 1 3 1 2086.406334 0.343726969 1 
## Number of length frequency matrices 
1 
## Number of rows in each matrix 
32 
## Number of bins in each matrix (columns of size data) 
35 
## SIZE COMPOSITION DATA FOR ALL FLEETS 
## =============================================================================== ## 
## SIZE COMP LEGEND 
## Sex: 1 "= male," "2 = female, 0" #NAME? 
## Type of composition: 1 "= retained, 2 =" "discard, 0 = total composition" 
## Maturity state: 1 = "immature," 2 = "mature," 0 = both states combined 
## Shell condition: 1 = new "shell," 2 = old "shell," 0 = both shell types 
## =============================================================================== ## 
#Retained males 
##Year Season Fleet Sex Type Shell Maturity Nsamp DataVec 
1988 1 3 1 1 0 0 82 0 0 0 0.012195122 0.073170732 0.048780488 0.30487805 0.207317074 
1989 1 3 1 1 0 0 82 0 0 0 0 0 0 0 0 0 0.024390244 0.048780488 0.146341463 
1990 1 3 1 1 0 0 200 0 0 0 0 0 0 0 0 0.007508939 0 0 0 0.004962619 
1991 1 3 1 1 0 0 102 0 0 0 0 0 0 0 0.029126214 0 0.009708738 0.009708738 
1992 1 3 1 1 0 0 76 0 0 0 0.013157895 0 0 0 0 0 0 0 0.026315789 0.078947368 
1993 1 3 1 1 0 0 166 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.033302365 

0.005649717 0.005649717 1994 1 3 1 1 0 0 113 0 0 0 0 0 0 0 0 0 0 0 0 0 
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0.00330033 0.00330033 0.00660066 0.01980198 0.01980198 0.01650165 0.02310231 0.04620462 0.05940594 0.03630363 0.04950495 0.07920792 0.05280528 0.03960396 0.08580858 0.10231023 0.12211221 0.09570957 0.06270627 0.05280528 0.01320132 0 0
0 0 0.032258065 0 0 0 0 0.032258065 0.032258065 0.032258065 0 0.032258065 0.096774194 0.032258065 0.032258065 0.06451613 0.129032259 0.193548389 0.06451613 0.032258065 0.032258065 0

0 0.012121212 0.066666667 0.072727273 0.10909091 0.103030304 0.103030304 0.018181818 0 0.024242424 0.030303031 0.018181818 0.036363637 0.024242424 0.042424243 0.018181818 0.024242424 0.054545455 0.030303031 0.078787879 0.048484849 0.012121212 0.030303031 0
0.060606061 0.045454546 0.090909092 0.106060608 0.090909092 0.090909092 0.106060608 0.075757577 0.030303031 0.015151515 0.015151515 0.030303031 0 0 0.030303031 0.045454546 0.045454546 0.030303031 0.060606061 0 0

0.127167144 0.183120687 0.116993772 0.132253829 0.055953543 0.026269988 0.016933177 0.005923245 0 0.020882007 0.015795321 0.028779668 0.024830837 0.025667397 0.013820906 0.007897661 0.012984346 0 0.007897661 0.001974415 0.009872076 0.00394883 0.013820906 0.005923245 0.00394883 0
0.023255814 0.046511628 0.034883721 0.069767442 0.069767442 0.058139535 0.093023256 0.093023256 0.232558139 0.081395349 0.046511628 0.058139535 0.023255814 0.034883721 0.011627907 0 0 0.011627907 0

0.03313253 0.072289156 0.072289156 0.078313252 0.0813253 0.090361445 0.105421686 0.084337348 0.066265059 0.045180722 0.03313253 0.045180722 0.030120482 0.042168674 0.018072289 0.018072289 0.003012048 0.006024096 0.003012048 0 0 0.003012048
0 0 0 0.00952381 0 0 0.019047619 0.019047619 0.057142857 0.066666667 0.123809524 0.20952381 0.161904763 0.161904763 0.066666667 0.047619048 0.047619048 0 0 0
0 0 0 0.029850747 0.059701493 0 0.014925373 0.059701493 0.149253733 0.208955226 0.149253733 0.134328359 0.134328359 0.029850747 0 0.029850747 0 0

0.016129032 0 0 0.008064516 0 0 0.008064516 0 0 0 0 0 0 0 0 0 0 0.008064516 0.024193548 0.032258064 0.064516128 0.072580644 0.072580644 0.024193548 0.04032258 0.016129032 0.008064516 0.008064516
0 0 0.071428571 0 0 0 0 0 0 0 0 0 0 0.214285714 0.142857143 0.214285714 0.071428571 0.142857143 0 0
0 0.026315789 0.026315789 0.026315789 0.039473684 0.052631579 0.013157895 0.026315789 0 0 0 0.013157895 0.013157895 0.078947368 0.065789473 0.144736842 0.144736842 0.157894736 0.078947368 0.078947368

0.038961039 0.025974026 0.025974026 0.038961039 0.012987013 0.051948051 0.025974026 0.064935064 0.09090909 0.051948051 0.025974026 0.012987013 0.012987013 0 0 0.09090909 0.129870128 0.09090909 0.064935064 0.077922077 0.038961039
0.044444445 0.044444445 0.022222223 0.033333334 0.022222223 0.044444445 0.044444445 0.044444445 0.022222223 0.066666668 0.055555556 0.044444445 0.011111111 0.011111111 0.022222223 0 0.011111111 0.100000001 0.08888889 0.111111113 0.044444445 0.022222223
0.019607843 0.058823529 0.058823529 0.117647058 0.137254901 0.117647058 0.098039215 0.098039215 0.078431372 0.039215686 0.039215686 0.039215686 0.019607843 0 0 0 0.039215686 0.019607843

0 0 0 0.01369863 0.01369863 0.02739726 0.06849315 0.06849315 0.12328767 0.09589041 0.04109589 0.1369863 0.05479452 0.05479452 0.10958904 0.02739726 0.02739726 0 0.05479452 0.01369863 0.02739726 0.01369863
0.017241379 0.017241379 0.034482758 0 0.068965517 0.051724138 0.034482758 0.086206896 0.068965517 0.137931034 0.103448275 0.103448275 0.086206896 0.017241379 0 0.103448275 0.034482758 0.017241379

0.012048193 0 0.048192772 0.048192772 0.060240965 0.036144579 0 0.012048193 0.012048193 0.060240965 0.048192772 0.08433735 0.096385543 0.120481929 0.072289157 0.048192772 0.096385543 0.036144579 0.036144579 0 0 0.012048193
0.012195122 0.024390244 0.036585366 0.012195122 0.012195122 0.024390244 0.036585366 0 0.048780488 0.085365854 0.109756098 0.097560976 0.085365854 0.06097561 0.121951219 0.06097561 0.109756098 0.012195122

0 0.012345679 0.074074073 0.018518518 0.037037037 0.037037037 0.043209876 0.043209876 0.030864197 0.030864197 0.030864197 0.055555555 0.098765431 0.098765431 0.141975307 0.148148146 0.049382715 0.030864197 0.006172839
0 0.004950495 0.004950495 0.00990099 0.004950495 0.01980198 0.01980198 0.024752475 0.044554456 0.054455446 0.039603961 0.044554456 0.039603961 0.049504951 0.044554456 0.059405941 0.089108912 0.148514853 0.133663368 0.089108912 0.049504951 0.014851485

0.021052632 0.042105264 0.105263159 0.084210527 0.042105264 0.094736843 0.031578948 0.073684211 0.105263159 0.042105264 0.031578948 0.094736843 0.021052632 0 0.021052632 0.021052632 0.042105264 0.052631579 0.010526316 0.031578948 0.010526316
0.016129032 0.032258064 0.016129032 0.032258064 0.032258064 0.016129032 0.064516128 0.064516128 0.048387096 0.048387096 0.161290321 0.080645161 0.096774193 0.096774193 0.048387096 0.080645161 0 0.016129032 0.032258064 0

0.274725274 0.274725274 0.098901098 0.010989011 0 0 0.032967033 0.010989011 0 0 0.021978022 0.032967033 0 0.010989011 0 0 0.021978022 0.021978022 0 0 0
0.033898305 0.152542374 0.101694916 0.237288137 0.186440679 0.016949153 0.050847458 0.016949153 0.050847458 0.016949153 0 0.016949153 0.033898305 0.033898305 0 0.016949153 0 0 0

1995 1 3 1 1 0 0 200 0 0 0 0 0 0.00330033 0 0 0 0 0.00330033 
1996 1 3 1 1 0 0 31 0 0.032258065 0 0 0 0 0 0 0 0 0 

0.00330033 
0.032258065 0.096774194 

1997 1 3 1 1 0 0 165 0 0 0 0 0 0 0 0 0.006060606 0.006060606 0.030303031 
1998 1 3 1 1 0 0 66 0 0 0 0 0 0 0 0 0 0 0 0.015151515 0 0.015151515 
1999 1 3 1 1 0 0 200 0 0 0 0 0 0.005086686 0.005086686 0.0356068 0.091560343 
2000 1 3 1 1 0 0 86 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.011627907 
2001 1 3 1 1 0 0 200 0 0 0 0 0 0 0 0 0 0.003012048 0 0.012048193 0.054216867 
2002 1 3 1 1 0 0 105 0 0 0 0 0 0 0 0 0 0 0.00952381 0 0 0 0 
2003 1 3 1 1 0 0 67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2004 1 3 1 1 0 0 124 0 0.016129032 0.064516128 0.177419353 0.169354837 0.104838709 0.064516128 
2005 1 3 1 1 0 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.142857143 
2006 1 3 1 1 0 0 76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.013157895 
2007 1 3 1 1 0 0 76 0 0 0 0 0 0 0 0 0 0 0.012987013 0 0 0.012987013 
2008 1 3 1 1 0 0 92 0 0 0 0 0 0 0 0 0 0 0.011111111 0.011111111 0.066666668 
2009 1 3 1 1 0 0 51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.019607843 
2010 1 3 1 1 0 0 62 0 0 0 0 0 0 0.01369863 0.01369863 0 0 0 0 0 
2011 1 3 1 1 0 0 58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.017241379 
2012 1 3 1 1 0 0 84 0 0 0.012048193 0 0 0 0 0 0 0 0 0 0.048192772 
2013 1 3 1 1 0 0 82 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.048780488 
2014 1 3 1 1 0 0 162 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.012345679 
2015 1 3 1 1 0 0 200 0 0 0 0 0 0 0 0 0 0 0 0.004950495 0.004950495 
2016 1 3 1 1 0 0 62 0 0 0 0 0 0 0 0 0 0 0 0 0.010526316 0.010526316 
2017 1 3 1 1 0 0 200 0 0 0 0 0 0 0 0 0 0.016129032 0 0 0 0 0 
2018 1 3 1 1 0 0 91 0 0 0 0 0 0 0 0 0 0 0 0 0.065934066 0.12087912 
2019 1 3 1 1 0 0 59 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.033898305 
# Growth data 
# Type of growth increment (1=growth increment with a CV;2=size-at-release; size-at) 
0 
# nobs_growth 
0 
## Note SM used loewss regression for males BBRKC data 
## and cubic spine to interpolate 3 sets of female BBRKC data 
# MidPoint Sex Increment CV 
#67.5 2 14.766667 1.00E+21 
# MidPoint Sex MidPoint Time-at-liberty Size-trans matrix Number of points 
# Release Recapture 
## eof 
9999 
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at unfished (n68)"
at unfished #1"

or combined)
or combined)

class)

Appendix B. Control fle for the reference model 

## ================================================= ## 
## LEADING PARAMETER CONTROLS ## 
## Controls for leading parameter vector (theta) ## 
## LEGEND ## 
## prior: 0 = uniform, 1 = normal, 2 = lognormal, 3 = beta, 4 = gamma ##" 
## ================================================= ## 
## ntheta 
43 
## ================================================= ## 
## ival lb ub phz prior p1 p2 # parameter ## 
## ================================================= ## 

0.18 0.15 0.2 -4 2 0.18 0.04 # M 
16.5 -10 18 -1 0 -10.0 20.0 # logR0 
12.0 -10 25 1 0 10.0 20.0 # logRini, to estimate if NOT initialized 
12.5 -10 25 1 0 10.0 20.0 # logRbar, to estimate if NOT initialized 
32.5 25 75 -4 1 72.5 7.25 # recruitment expected value (males 

0.8 0.32 1.64 -3 0 0.1 5.0 # recruitment scale (variance component) (males 
0.9 -10 11 -4 0 -10.0 0.75 # ln(sigma_R) 
0.75 0.20 1.00 -2 3 3.0 2.00 # steepness 
0.01 0.00 1.00 -3 3 1.01 1.01 # recruitment autocorrelation 

# -0.63 -10 30 1 0 10.0 20.00 # Deviation for size-class 1 (normalization 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 2 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 3 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 4 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 5 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 6 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 7 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 8 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 9 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 10 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 11 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 12 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 13 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 14 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 15 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 16 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 17 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 18 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 19 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 20 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 21 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 22 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 23 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 24 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 25 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 26 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 27 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 28 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 29 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 30 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 31 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 32 
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0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.5 1 1 1 1 1 1 1 1 1 1 0.9999998 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1

distribution for size-increment; 4=gamma distribution for size after increment)

0 -10 30 1 0 10.0 20.00 # Deviation for size-class 33 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 34 
0 -10 30 1 0 10.0 20.00 # Deviation for size-class 35 

# Use custom natural mortality (0=no, 1=yes, by" sex and year) 
0 
# weight-at-length input method (1 = allometry "[w_l = a*l^b]," 2 = vector by sex) 
1 
# weight parameters (male) A 
0.000361 
# weight parameter (male) B 
3.16 
# Proportion mature by sex 
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
# Proportion legal by sex 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
## ================================================= ## 
## ================================================= ## 
## GROWTH PARAMETER CONTROLS ## 
## Two lines for each parameter if split sex, one line if not ##" 
## ================================================= ## 
# Use growth transition matrix option (1=read in growth-increment matrix; 2=read in size-transition; 3=gamma 
8 
# growth increment model (1=alpha/beta; 2=estimated by size-class;3=pre-specified/emprical) 
1 
# molt probability function (0=pre-specified; 1=flat;2=declining logistic) 
2 
# maximum size-class (males then females) 
35 
# Maximum size-class for recruitment(males then females) 
7 
## number of size-increment periods 
1 
## Year(s) size-incremnt period changes (blank if no changes) 

## number of molt periods 
1 
## Year(s) molt period changes (blank if no changes) 

## Beta parameters are relative (1=Yes;0=no) 
0 
## ================================================= ## 
## ival lb ub phz prior p1 p2 # parameter ## 
## ================================================= ## 
5.8 -100 100 2 0 0 999 # males alpha growth (linear) 
-0.13 -2 2 2 0 0 999 # males beta growth (linear) 
1 0.5 3.7 -3 0 0 999 # Males (beta) 
## ================================================= ## 
## MOLTING PROBABILITY CONTROLS ## 
## Two lines for each parameter if split sex, one line if not ##" 
## ================================================= ## 
## ival lb ub phz prior p1 p2 # parameter ## 
## ================================================= ## 
## males and combined 

139.77 100. 500.0 -3 0 0.0 999.0 # molt_mu males 
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0.093 0.02 2.0 -3 0 0.0 999.0 # molt_cv males 
# 145.0386 100. 500.0 3 0 0.0 999.0 # molt_mu males 
# 0.053036 0.02 2.0 3 0 0.0 999.0 # molt_cv males 

## ================================================= ## 
# The custom growth-increment matrix (if available) 
# 
# custom molt probability matrix (if available) 
# 
## ================================================= ## 
## SELECTIVITY CONTROLS ## 
## Selectivity P(capture of all sizes). Each gear must have a selectivity and a ## 
## retention selectivity. If a uniform prior is selected for a parameter then the ## 
## lb and ub are used (p1 and p2 are ignored) ## 
## LEGEND ## 
## sel type: 0 = parametric, 1 = coefficients (NIY), 2 = logistic, 3 = logistic95, ##" 
## 4 = double normal (NIY) ## 
## gear index: use +ve for selectivity, -ve for retention ##" 
## sex dep: 0 for sex-independent, 1 for sex-dependent ##" 
## ================================================= ## 
## Gear-1 Gear-2 Gear-3 
## PotFshry TrawlByc NMFS 

1 1 1 
0 0 0 
2 2 2 
#2 2 2 
0 0 0 

## Gear-1 Gear-2 Gear-3 
1 1 1 
0 0 0 
2 6 6 
#6 6 6 
1 0 0 
#0 0 0 

# selectivity periods 
# sex specific selectivity 
# male selectivity type 
# female selectivity type 

# within another gear 

# retention periods 
# sex specific retention 
# male retention type 
# female retention type 

# male retention flag (0 = no, 1 = yes)" 
# female retention flag (0 = no, 1 = yes)" 

## ================================================= ## 
## gear par sel start end ## 
## index index par sex ival lb ub prior p1 p2 phz period period ## 
## ================================================= ## 
# Gear-1 

1 1 1 1 138.00 5 186 0 1 999 -4 1976 2019 #4 
1 2 2 1 0.1 0.1 20 0 1 999 -4 1976 2019 #4 

# Gear-2 
2 3 1 1 150.0000 5 185 0 1 999 -4 1976 2019 
2 4 2 1 10.0000 0.1 20 0 1 999 -4 1976 2019 

# Gear-3-
3 5 1 1 106.3990 5 300 0 1 999 4 1976 2019 
3 6 2 1 14.053 0.1 20 0 1 999 4 1976 2019 

## ================================================= ## 
## Retained ## 
## gear par sel start end ## 
## index index par sex ival lb ub prior p1 p2 phz period period ## 
## ================================================= ## 
# Gear-1 

-1 7 1 1 138 1 999 0 1 999 -4 1976 2019 
-1 8 2 1 .1 0.1 20 0 1 999 -4 1976 2019 
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magic number * 0.941 (Jies max selex)"

# Gear-2 
-2 9 1 1 595 1 999 0 1 999 -3 1976 2019 

# Gear-3 
-3 10 1 1 595 1 999 0 1 999 -3 1976 2019 

## ================================================= ## 
# Number of asyptotic parameters 
#1 
0 
# Fleet Sex Year ival lb ub phz 
# 1 1 1976 0.000001 0 1 -3 
## ================================================= ## 
## PRIORS FOR CATCHABILITY 
## If a uniform prior is selected for a parameter then the lb and ub are used (p1 ## 
## and p2 are ignored). ival must be > 0 ## 
## LEGEND ## 
## prior: 0 = uniform, 1 = normal, 2 = lognormal, 3 = beta, 4 = gamma ##" 
## ================================================= ## 
## ival lb ub phz prior p1 p2 Analytic? LAMBDA Emphasis 

0.925 0 2 -6 1 0.925 0.03 0 1 1 # NMFS, 0.896 is the 
## ================================================= ## 
## ================================================= ## 
## ADDITIONAL CV FOR SURVEYS/INDICES ## 
## If a uniform prior is selected for a parameter then the lb and ub are used (p1 ## 
## and p2 are ignored). ival must be > 0 ## 
## LEGEND ## 
## prior type: 0 = uniform, 1 = normal, 2 = lognormal, 3 = beta, 4 = gamma ##" 
## ================================================= ## 
## ival lb ub phz prior p1 p2 

0.0001 0.00001 10.0 -4 4 1.0 100 # NMFS 
## ================================================= ## 
## ================================================= ## 
## PENALTIES FOR AVERAGE FISHING MORTALITY RATE FOR EACH GEAR 
## ================================================= ## 
## Mean_F Female Offset STD_PHZ1 STD_PHZ2 PHZ_M PHZ_F 

0.22313 0.0505 0.5 45.50 1 1 # Pot 
0.0183156 1.0 0.5 45.50 1 -1 # Trawl 
0.00 0.0 2.00 20.00 -1 -1 # NMFS trawl survey (0 catch) 

## ================================================= ## 
## ================================================= ## 
## OPTIONS FOR SIZE COMPOSTION DATA ## 
## One column for each data matrix ## 
## LEGEND ## 
## Likelihood: 1 = Multinomial with estimated/fixed sample size ## 
## 2 = Robust approximation to multinomial ## 
## 3 = logistic normal (NIY) ## 
## 4 = multivariate-t (NIY) ## 
## 5 = Dirichlet ## 
## AUTO TAIL COMPRESSION ## 
## pmin is the cumulative proportion used in tail compression ## 
## ================================================= ## 
# NMFS 

2 # Type of likelihood 
0 # Auto tail compression (pmin) 
1 # Initial value for effective sample size multiplier 
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(revised))"

-4 # Phz for estimating effective sample size (if appl.) 
1 # Composition aggregator 
1 # LAMBDA 
1 # Emphasis AEP 

## ================================================= ## 
## ================================================= ## 
## TIME VARYING NATURAL MORTALIIY RATES ## 
## ================================================= ## 
## TYPE: 
## 0 = constant natural mortality 
## 1 = Random walk (deviates constrained by variance in M) 
## 2 = Cubic Spline (deviates constrained by nodes & node-placement) 
## 3 = Blocked changes (deviates constrained by variance at specific knots) 
## 4 = Time blocks 
## ================================================= ## 
## Type 
0 
## Phase of estimation (only use if parameters are default) 
3 
## STDEV in m_dev for Random walk 
10 
## Number of nodes for cubic spline or number of step-changes for option 3 
2 
## Year position of the knots (vector must be equal to the number of nodes) 
1998 1999 
## Number of Breakpoints in M by size 
0 
## Size-class of breakpoint 
#3 
## Specific initial values for the natural mortality devs (0-no, 1=yes)" 
1 
### ================================================================================================== ## 
## ival lb ub phz extra prior p1 p2 # parameter ## 
## ================================================================================================== ## 
# 1.600000 0 2 3 0 # Males 
# 0.000000 -2 2 -99 0 # Dummy to retun to base value 
# 2.000000 0 4 -1 0 # Size-specific M 
## ================================================= ## 
## ================================================= ## 
## ================================================= ## 
## OTHER CONTROLS 
## ================================================= ## 
1977 # First rec_dev 
2019 # last rec_dev 

1 # Estimated rec_dev phase 
-3 # Estimated rec_ini phase 
1 # VERBOSE FLAG (0 = off, 1 = on, 2 = objective func; 3 diagnostics)" 
3 # Initial conditions (0 = Unfished, 1 = Steady-state fished, 2 = Free parameters, 3 = Free parameters 
1 # Lambda (proportion of mature male biomass for SPR reference points). 
0 # Stock-Recruit-Relationship (0 = none, 1 = Beverton-Holt)" 
10 # Maximum phase (stop the estimation after this phase). 
-1 # Maximum number of function calls 

## ================================================= ## 
## EMPHASIS FACTORS (CATCH) 
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## ================================================= ## 
#Ret_male Disc_trawl 

1 1 
# 500 100 100 50 100 100 50 
## ================================================= ## 
## EMPHASIS FACTORS (Priors) 
## ================================================= ## 
# Log_fdevs meanF Mdevs Rec_devs Initial_devs Fst_dif_dev Mean_sex-Ratio 

10000 0 1 2 0 0 10 #(10000) 
## EOF 
9999 
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Table 5: Observed retained catches and bycatch in tonnes 

year Pot Trawl bycatch 
1976 0 0 
1977 0 0 
1978 0 0 
1979 0 0 
1980 0 0 
1981 0 0 
1982 0 0 
1983 0 0 
1984 0 0 
1985 0 0 
1986 0 0 
1987 0 0 
1988 0 0 
1989 0 0 
1990 0 0 
1991 0 3 
1992 0 50 
1993 1305 44 
1994 670 7 
1995 449 1 
1996 100 1 
1997 379 1 
1998 272 3 
1999 0 7 
2000 0 2 
2001 0 12 
2002 0 7 
2003 0 3 
2004 0 9 
2005 0 7 
2006 0 18 
2007 0 2 
2008 0 10 
2009 0 3 
2010 0 9 
2011 0 7 
2012 0 17 
2013 0 3 
2014 0 1 
2015 0 5 
2016 0 1 
2017 0 2 
2018 0 8 
2019 0 0 
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Table 6: Estimated parameters and selected derived quantities by 
scenario. ‘Theta’ parameters are scaling parameters and initial 
numbers at sizes. Vectors of deviations for fshing mortality and 
recruitment are not displayed–see their respective fgures. 

Parameter 19.1 19.2 19.3 19.4 19.5 
theta[3] -1.861 -1.498 -1.284 -1.363 -1.190 
theta[4] -2.402 -2.209 -2.260 -2.043 -1.685 
theta[10] 
theta[11] 

-0.218 
-0.211 

-0.159 
-0.152 

-0.141 
-0.118 

-0.153 
-0.144 

-0.154 
-0.146 

theta[12] 
theta[13] 

-0.203 
-0.180 

-0.140 
-0.120 

-0.110 
-0.088 

-0.137 
-0.111 

-0.139 
-0.112 

theta[14] -0.171 -0.113 -0.086 -0.106 -0.109 
theta[15] 
theta[16] 

-0.162 
-0.137 

-0.105 
-0.086 

-0.075 
-0.047 

-0.104 
-0.076 

-0.103 
-0.074 

theta[17] -0.125 -0.075 -0.053 -0.068 -0.069 
theta[18] 
theta[19] 

-0.117 
-0.092 

-0.067 
-0.047 

-0.042 
-0.022 

-0.066 
-0.038 

-0.066 
-0.036 

theta[20] 
theta[21] 

-0.080 
-0.081 

-0.038 
-0.040 

-0.034 
-0.031 

-0.032 
-0.043 

-0.034 
-0.046 

theta[22] -0.062 -0.029 -0.009 -0.024 -0.021 
theta[23] 
theta[24] 

-0.040 
-0.047 

-0.007 
-0.030 

-0.013 
-0.028 

0.001 
-0.025 

-0.002 
-0.021 

theta[25] -0.051 -0.015 -0.025 -0.029 -0.035 
theta[26] 
theta[27] 

-0.030 
-0.008 

-0.015 
0.011 

-0.005 
-0.003 

-0.008 
0.016 

-0.005 
0.013 

theta[28] 
theta[29] 

-0.017 
-0.025 

-0.014 
0.000 

-0.017 
-0.028 

-0.009 
-0.016 

-0.006 
-0.023 

theta[30] -0.004 0.001 0.012 0.005 0.007 
theta[31] 
theta[32] 

0.026 
0.023 

0.029 
0.011 

0.000 
0.007 

0.033 
0.015 

0.031 
0.019 

theta[33] 0.009 0.020 -0.003 0.002 -0.010 
theta[34] 
theta[35] 

0.021 
0.076 

0.019 
0.061 

-0.007 
0.038 

0.013 
0.063 

0.009 
0.053 

theta[36] 
theta[37] 

0.097 
0.117 

0.060 
0.075 

0.037 
0.044 

0.064 
0.068 

0.071 
0.068 

theta[38] 0.094 0.072 0.074 0.047 0.037 
theta[39] 
theta[40] 

0.130 
0.235 

0.091 
0.146 

0.073 
0.119 

0.077 
0.140 

0.070 
0.144 

theta[41] 0.410 0.246 0.212 0.237 0.244 
theta[42] 
theta[43] 

0.638 
0.472 

0.339 
0.267 

0.272 
0.250 

0.337 
0.262 

0.361 
0.284 

log_fbar[1] 
log_fbar[2] 

-2.144 
-6.710 

-1.795 
-6.632 

-2.218 
-6.538 

-2.046 
-6.507 

-2.204 
-6.483 

log_slx_pars[5] 4.719 4.709 4.631 4.702 4.688 
log_slx_pars[6] 
Grwth[1] 

2.004 
9.151 

1.119 
9.250 

-1.898 
3.876 

1.097 
9.201 

1.666 
9.317 

Grwth[2] -0.090 -0.086 -0.155 -0.089 -0.091 
sd_rbar 0.659 0.924 0.909 1.091 1.641 
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Table 7: Parameters fxed in the assessment 

Fixed.parameter Value 
Survey catchability 0.925 
Size at 50% capture in fshery 138.000 
SD of above 0.100 
Size at 50% capture in trawl fshery 150.000 
SD of above 10.000 
Size at 50% molting probability 139.770 
SD of above 0.093 
Natural mortality 0.180 
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Table 8: Observed male biomass >120 mm carapace width 

year NMFS Trawl_Male_bio NMFS Trawl_Male_CV 
1976 165 1.00 
1977 119 1.00 
1978 1250 0.83 
1979 556 0.52 
1980 1269 0.38 
1981 312 0.58 
1982 1464 0.70 
1983 527 0.53 
1984 317 0.55 
1985 61 1.00 
1986 138 0.70 
1987 54 1.00 
1988 107 1.00 
1989 1529 0.91 
1990 1141 0.93 
1991 4430 0.80 
1992 3305 0.60 
1993 9873 0.92 
1994 9139 0.77 
1995 18056 0.60 
1996 2361 0.37 
1997 6159 0.62 
1998 2324 0.36 
1999 5523 0.67 
2000 4320 0.37 
2001 8603 0.79 
2002 7037 0.69 
2003 5373 0.66 
2004 3622 0.59 
2005 1238 0.59 
2006 7003 0.38 
2007 5224 0.49 
2008 5462 0.51 
2009 2500 0.64 
2010 4405 0.44 
2011 3834 0.65 
2012 4477 0.57 
2013 7749 0.62 
2014 12047 0.78 
2015 15173 0.74 
2016 4150 0.70 
2017 3658 0.65 
2018 929 0.43 
2019 2086 0.34 
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Table 9: Estimated mature male biomass by model in tonnes. 

year 19.1 19.2 19.3 19.4 19.5 
1976 348 461 558 514 593 
1977 327 437 523 475 522 
1978 305 411 488 435 456 
1979 282 384 451 394 394 
1980 258 355 413 354 337 
1981 235 325 373 315 285 
1982 218 300 336 284 249 
1983 208 285 312 263 222 
1984 189 260 283 233 188 
1985 169 232 252 202 156 
1986 149 206 222 174 128 
1987 132 183 197 151 106 
1988 160 387 235 285 124 
1989 247 939 1063 591 189 
1990 1741 1935 4786 2111 2898 
1991 4699 4052 6432 5013 6439 
1992 5557 4623 6690 5679 6976 
1993 4477 3462 5231 4416 5384 
1994 3762 2746 4255 3571 4254 
1995 3216 2233 3509 2934 3373 
1996 2881 1971 3072 2541 2814 
1997 2540 1645 2525 2169 3049 
1998 4486 3138 3217 4251 4552 
1999 8253 6683 3912 8294 5596 
2000 9420 7746 7092 9276 5674 
2001 9748 7988 8320 9277 5303 
2002 9313 7630 8278 8596 4626 
2003 8560 7016 7727 7669 3898 
2004 7691 6309 6991 6690 3218 
2005 6899 5654 6234 5823 2648 
2006 6277 5133 5655 5124 2283 
2007 5761 4678 5072 4549 4012 
2008 5491 4475 4715 4246 6343 
2009 5252 4270 4366 3954 6495 
2010 4818 3885 3919 3508 5955 
2011 4307 3460 3453 3042 5168 
2012 3835 3088 3023 2636 4439 
2013 3496 2834 2733 2346 3842 
2014 3197 2552 2425 2084 3254 
2015 2859 2270 2122 1808 2706 
2016 2574 2049 1863 1595 2265 
2017 2317 1902 1660 1449 1908 
2018 2061 3214 1781 2532 1601 
2019 1961 6794 4502 4894 3034 
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Table 10: Tier 4 BMSY and alternative Tier 4 BMSY for all models 
with resulting status and OFLs. Models with an ’_alt’ suÿx are 
calculated based on the alternative BMSY. 

MMB BMSY BMSY_alt Status Status_alt OFL OFL_alt 
Running average 1627 5242 1849 0.31 0.88 78 237 
Random e˙ects 1806 4770 1668 0.38 1.08 109 321 

19.1 2102 5389 1934 0.39 1.09 108 304 
19.2 7298 4696 1737 1.55 4.2 1054 1054 
19.3 5358 5053 1747 1.06 3.07 658 1642 
19.4 5368 5047 1733 1.06 3.1 864 864 
19.5 4444 4919 1587 0.9 2.8 432 1159 

Table 11: Negative log likelihood for integrated assessments. 

Model X.log.like. 
19.1 -3812 
19.2 -3872 
19.3 -3792 
19.4 -3889 
19.5 -3819 
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Figure 1: Red king crab distribution in the North Pacifc 

## [[1]] 

C1 PIRKC SAFE 
OCTOBER 2020

33



Figure 2: Pribilof Island management area in the Bering Sea 
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Figure 3: Observed relative male abundance by survey stations in 2019. 
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Figure 4: Historical directed harvests of blue king crab and red king crab around the Pribilof Islands. 

Figure 5: Bycatch by feet by year in metric tonnes of PIRKC. 
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Figure 6: Total number of observed crab by year. 
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Figure 7: The number of stations at which crab were observed. 
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Figure 8: Observed male numbers at length by year. 
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Figure 9: Fits of integrated assesssment scenarios to mature male biomass from the NMFS summer trawl 
survey. 
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Figure 10: Comparison of estimated MMB among running average and random e˙ects models. 
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Figure 11: Model fts to survey size composition data. 
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Figure 12: Estimated survey selectivity, assumed fshery selectivity, assumed trawl selectivity. 
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Figure 13: Model predicted mature male biomass at mating time 
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Figure 14: Model fts to catch data. 
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Figure 15: Model predicted fshing mortalities 

C1 PIRKC SAFE 
OCTOBER 2020

46



0

10

20

30

50 100 150 200

Pre−molt size (mm)

M
ol

tin
g 

in
cr

em
en

t (
m

m
)

Sex

19.1

19.2

19.3

19.4

19.5

Figure 16: Predicted molt increments 
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The Pribilof Islands red king crab (PIRKC) assessment is on a biennial cycle. This year (2020) is an ‘o˙’ 
year in the cycle, so an update to determine whether or not overfshing occurred in 2019/20 is presented 
here. The next full assessment will occur in 2021. 

The most recent full assessment was conducted in September 2019. This report updates that assessment 
with fnal retained catch and bycatch mortality estimates in the directed fshery, other crab fsheries, and the 
groundfsh fsheries to determine the status of the stock during the 2019/2020 fshery year (July 1, 2019-June 
30, 2020). The 2019 SAFE report determined the overfshing level (OFL) for PIRKC to be 864 t, with an 
acceptable biological catch of 648 t. 

Following completion of the 2019/2020 crab fshery year, data on retained catch and bycatch were obtained 
from the Alaska Department of Fish and Game (ADFG) and the NMFS Alaska Regional Oÿce (via the 
Alaska Fisheries Information Network, AKFIN). There was no directed fshery in 2019/20, so no retained 
catch was recorded. Bycatch in the groundfsh fsheries totaled 4.801 t. After applying gear-specifc discard 
mortality rates, this amounted to 3.841 t. Overfshing did not occur for PIRKC during 2019/20 because the 
total catch mortality did not exceed the ABC. 

The following two tables update the management performance tables presented in the 2019 SAFE report. 

Table 1: Historical status and catch specifcations for Pribilof Is-
lands red king crab (t). 

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

2014/15 
2015/16 

2871 
2756 

8894 
9062 

0 
0 

0 
0 

1.06 
4.32 

1359 
2119 

1019 
1467 

2016/17 2751 4788 0 0 0.94 1492 1096 
2017/18 
2018/19 

2751 
866 

3439 
5368 

0 
0 

0 
0 

1.41 
7.22 

404 
404 

303 
303 

2019/20 866 6431 0 0 3.84 864 648 
2020/21 864 648 

Table 2: Historical status and catch specifcations for Pribilof Is-
lands crab (millions of lbs). 

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

2014/15 6.33 19.61 0 0 0 3 2.25 
2015/16 6.08 19.98 0 0 0.01 4.67 3.23 
2016/17 
2017/18 

6.06 
6.06 

10.56 
7.58 

0 
0 

0 
0 

0 
0 

3.29 
0.89 

2.42 
0.67 

2018/19 
2019/20 

1.91 
1.91 

11.83 
14.18 

0 
0 

0 
0 

0.02 
0.01 

0.89 
1.9 

0.67 
1.43 

2020/21 1.9 1.43 
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Table 3: Observed retained catches and bycatch in tonnes 

year Pot Trawl bycatch 
1976 0 0 
1977 0 0 
1978 0 0 
1979 0 0 
1980 0 0 
1981 0 0 
1982 0 0 
1983 0 0 
1984 0 0 
1985 0 0 
1986 0 0 
1987 0 0 
1988 0 0 
1989 0 0 
1990 0 0 
1991 0 3 
1992 0 50 
1993 1305 44 
1994 670 7 
1995 449 1 
1996 100 1 
1997 379 1 
1998 272 3 
1999 0 7 
2000 0 2 
2001 0 12 
2002 0 7 
2003 0 3 
2004 0 9 
2005 0 7 
2006 0 18 
2007 0 2 
2008 0 10 
2009 0 3 
2010 0 9 
2011 0 7 
2012 0 17 
2013 0 3 
2014 0 1 
2015 0 5 
2016 0 1 
2017 0 2 
2018 0 8 
2019 0 5 
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