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Abstract

Instantaneous natural mortalityf estimates are very uncertain for eastern Bering Sea snow €hainoecetes opilio.
An M of 0.3 per year has commonly been used for the mature population, whereas a sole published study concMded that
is larger than 1.06 per year for morphometrically mature males. In this study, catch-survey models were constructed using
trawl survey data from 1989 to 2000 to estimbtdor the eastern Bering Sea snow crab stock under different assumptions
of moulting probability of morphometrically mature males, handling mortality rate of bycatch and survey catchability. Male
abundance was categorized by size (80-99, 100-119 and >119 mm carapace width), shell condition (newshell and oldshell)
and morphometrically mature status. Mature female abundance was grouped by shell cavidistimates for males vary
greatly, ranging from 0 to 0.97 per year, depending on model assumptions. Moulting probability of morphometrically mature
males and survey catchability for large males (>99 mm) are the two most sensitive factors. Allowing morphometrically mature
males to moult resulted in a significantly better data fit than a zero moulting probability assumption, and assuming a low
survey catchability for large males resulted in a high estimatd &r mature males. ThE statistic test indicated that the
most parsimonious model for males was the scenario of a codtah®.35 per year without the terminal moult assumption.
Because of no retained catch, very low bycatch and no moulting after maMrégtimates for mature females were not so
sensitive to model assumptions. THefor mature females was estimated as 0.52 per year for crab south 6NdatRude
and 0.56 per year for all crab.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (1999)reviewed six common approaches for estimat-
ing natural mortality: (1) catch curve analysis, (2)
Among the four factors influencing population dy- length—frequency analysis, (3) mark-recapture exper-
namics, recruitment, growth, instantaneous natural iments, (4) collection of dead organisms, (5) fitting
mortality (M) and harvestM is the least understood. population models, and (6) life-history (or meta-)
M estimates are not only confounded with the other analysis.M estimates from any of these approaches
three factors, buM is also difficult to observe di- are likely subject to a great deal of uncertainty due to
rectly. Thus,M is usually estimated with a stock parameter confounding and data limitation.
assessment model when survey data are available The challenge of estimating can be demonstrated
or with a life-history analysisQuinn and Deriso  with the eastern Bering Sea snow cr&thinoecetes
opilio) stock, which supports the most important crab
* Tel.: +1-907-465-6102; fax:+1-907-465-2604. fishery in Alaska with exvessel value peaking in 1994
E-mail address: jie_zheng@fishgame.state.ak.us (J. Zheng). at US$ 192.4 millionMorrison, 1999. Due to lack of
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data,Somerton (1981assumedM for eastern Bering
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abundance was estimated either from all survey sta-

Sea snow crab to be the same as those estimated fotions or stations south of 6 R latitude that exclude

eastern Bering Sea Tanner crélhionoecetes bairdi.
His estimates ofM ranged from 0.13 to 0.28 per

stations north of St. Matthew Island.
The average linear relationship between the natural

year for adult Tanner crab based on different data logarithms of CW and chela height developed®iyo
and models and 0.35 per year for juvenile Tanner (1998) and updated with survey data from 1989 to

crab. Based on Somerton’s supposition,Mrof 0.3

2000 was used to classify morphometrically mature

per year was assumed for eastern Bering Sea snowand immature male crab. The updated separation line
crab to qualitatively evaluate the fishery management is

plan and to establish the overfishing rate and over-

fished population threshold levels by the North Pa- In(chelaheightin mm

cific Fishery Management CounciNPFMC, 1990,

1998. However, the only published study so far in-
dicates thatM is much higher than 0.3 per year for
morphometrically mature (a differentiation based on

— —2.8628+ 1.2899 I(CW in mm) (1)

All crab sampled from the survey for chela height mea-
surement were identified as newshell or oldshell and

the shape of the chela, i.e. large-clawed, on the ba- proportions of small-claw (immature) and large-claw

sis of the chela height—carapace width (CW) relation-

ship) male snow craltto, 1999. Otto’s estimates of

(mature) types within each shell condition were esti-
mated for every 5 mm CW interval. These proportions

M were based on trawl survey and commercial catch were applied to the area-swept estimates of survey
data and were size-dependent, ranging from 2.11 perabundance.

year for crab of 50 mm CW to 1.08 per year for crab
of 130 mm CW with an asymptoticafl of 1.07 per
year. The huge difference between the assumeéddr
the management plan and the estimateuh the liter-
ature shows the need to further investigitdor this
stock.

Chela height data have been collected since 1996
from the commercial catch. Proportions of newshell
and oldshell immature and mature male crab sampled
from the commercial catch were estimated for each
5mm CW interval each year usirgq. (1) Due to
missing data points in some CW intervals, a logistic

In this study, catch-survey models were constructed function was fit to proportion by CW data to smooth

with trawl survey and commercial catch data from
1989 to 2000 to estimat®l for the eastern Bering

the estimates and fill in the missing data points. Be-
cause maturity proportions by CW were generally

Sea snow crab stock under different assumptions much higher for oldshell males than for newshell

of moulting probability of morphometrically mature

males, handling mortality rate of bycatch and sur-
vey catchability. For convenience, “morphometrically
mature” males were referred to as “mature” and “mor-
phometrically immature” males as “immature” in this
paper.

2. Methods
2.1. Data

National marine fisheries service (NMFS) trawl sur-

males Qtto, 199§, for a given CW group, the es-
timate of the maturity proportion for oldshell males
was set to be equal to or greater than that for newshell
males. These estimated proportions were applied to
the commercial catch data in the corresponding years
from 1996 to 2000. Estimated maturities by CW and
shell condition from 1996 to 1999 were similar but
quite different from those for 2000. Due to the ice
condition in the Bering Sea and a small catch quota,
the fishing season in 2000 started 3 months later than
the previous seasons and lasted for only a few days
compared to 2 months or longer in the previous years.
Therefore, average maturity proportions by shell con-

vey and commercial catch data from 1989 to 2000 dition by 5mm CW intervals from 1996 to 1999 were
were used in this study because no chela height dataused to classify maturity status of the commercial
were available before 1989. The area-swept approachcatch from 1989 to 1995. The commercial catch data
was used to estimate abundance by year, sex, shellwere assumed free of errors in the model due to their
condition and size classS{evens et al., 2000Crab large sample sizes and big size classes.
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2.2. Models

A catch-survey analysisZzfeng and Kruse, 2002
was modified to model morphometrically mature
and immature male crab in this study. To reduce the
influence of recruitment, growth and survey catcha-
bility on M estimates, only male crab80 mm CW
with a large CW group interval were modeled. Male
crab abundance was divided into three CW intervals:
80-99, 100-119 ang 120 mm. Each of the first two
intervals consisted of four groups: newshell mature
and immature and oldshell mature and immature.
Because there were few oldshell crai20 mm, the
last interval was separated by maturity only. The
male model links the crab abundances in yearl
to the abundances and catch in yean three stages
through natural mortality, moulting probability and
a growth matrix. Abundances of newshell males
are

J
Niy1j1= Z[At,i,lmmiGi,j + Ari2mi;mp;G; ]
i—1
+ Repariia 1,
J
Nij1j2 = Z[At,i,Zmii(l —mp)Gi ]l + Riy1ris,j2

i=1
2

where Nyy1 ;1 and N1 j» are the abundances of
newshell males in year+ 1 and CW intervaj for
mature (1) and immature (2) cratmym; andmi; the
moulting probabilities of mature and immature males
in CW intervalj, mp; the proportion of moulting males
to become mature in CW interval G; ; the growth
matrix containing the proportions of moulting crab
growing from groupi to groupj, R,41 the total re-
cruitment in year + 1, andr,41 j1 andr;4q j2 are
the proportions of recruitment in yea# 1 to CW in-
tervalj for mature and immature males. The average
growth increments per moult for 80-99 mm CW male
snow crab in the Gulf of St. Lawrence ranged from
17 to 19 mm Gainte-Marie et al., 1995By assum-
ing Bering Sea male snow crab have similar growth

rates, recruitment to the model was defined as new-

shell crab entering the 80—99 mm CW interval only.
ThUS,r,’l,l +r12 = 1 andr,,j,l =0 andrt,jgz =0
whenj > 1. A, ;1 andA, ;. are intermediate variables

413
defined as
Afsj}k = (Nr,j,k + Ol,j,k) e_M./?k
_ (Ct,j,k —+ Bl,j,ks) e(y’_l)Mj,k (3)

whereO; ; is the abundance of oldshell males in year
t, CW intervalj and maturity statuk, M; ; the natural
mortality in CW intervalj and maturity statuk, C; ; «
andB; ;, the commercial catch and bycatch in year
t, CW intervalj and maturity statug, sthe mortality
rate of bycatch in the directed pot fishery, apds the
time lag from the survey to the midpoint of the fishery
in yeart. Abundance of oldshell males comes from
the surviving, unmoulting crab in the previous year:

Or41,j1 = A j1(1—mmj),

Or11,j2 = Arj2(1—mij)

(4)

The model for female crab is somewhat simpler than
the male model. To avoid survey catchability prob-
lems, | modeled only mature females. Because a large
majority of mature females were within a CW range
of 45-65 mm, mature females were grouped by shell
condition only. Bycatches of female snow crab in the
directed crab fisheries were very lowldore et al.,
2000 and thus ignored in this study. Because ma-
ture females do not moult, newshell mature female
abundance is equal to recruitment into the model and
oldshell mature females are the survivors of mature
females in the previous year:

ol = +ohe™ (3
whereN! andO' are the newshell and oldshell mature
female abundances in year! the female recruitment

in yeart andM' is the female natural mortality. The
male and female models are completely independent.

f _ pf
Nt+l - RH—l’

2.3. Parameter estimation

Survey catchabilities were used to scale absolute
abundances to relative (survey) abundances for param-
eter estimation. For trawl surveys, the survey catcha-
bility (g2 andqs) of large males$100 mm CW) was
assumed to be one to reduce the number of param-
eters and estimated the survey catchabiliy) (for
males of 80-99 mm CW. Trawl survey catchabilities
for mature females were assumed independent of size
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and shell condition. Measurement errors of survey es- male model and two scenarios based on the mature fe-
timates of relative abundances were assumed to follow male abundances in the total survey area and south of
a log-normal distribution. A nonlinear least squares 61.2°N latitude were contrasted for the female model.
approach that minimizes the residual sum of squares The F statistic test $chnute, 198iwas used to com-

(RSS) was used to estimate parameters: pare each pair of scenarios with different degrees of
2000 3 2 freedom and toI choose the Tnost pa(;simodnigus model.
- o Sensitivity analyses were also conducted by varying
RSS= t:%;ngX:;k;l[(ln(Nt,/,k% +1h values ofM for immature males, survey cgtchability
- for males >99 mm CW and bycatch handling mortal-
—In(N; 1 + 1) + (In(O0yjkg; + 1 ity rate for selected scenarios. All parameters except
~ 5 that under consideration were estimated in each sen-
=IOk + )71, sitivity analysis.
2000 f Estimated parameters include natural mortalities,
RSS = Z [An(N! + 1) — In(N, — 1)) moulting probabilities, catchabilities, abundance of
1=1989 crab entering the models for the first time each year
. ~f 2 except the first and total abundance in the first year.
+(n(0; +1) —In(0, + 1))7] (6)

Similar to the length-based modekheng et al.,
1995, the relative frequencies of size groups from the

where superscript f stands for femalds,; ando .« first-year trawl survey data were assumed to approxi-

are the relative trawl survey (area-swept) abundances

of newshell and oldshell males in yeaICW interval mate the true relative frequencies. Thus, size-specific
f Ay abundance estimation was not needed for the first

j and maturity statuk, andN, and O, are the relative year. Parameters for male and female models were
trawl survey (area-swept) abundances of newshell andestimated separately by minimizing RSS using the
oldshell mature females in year guasi-Newton method. The AD Model BuildeDiter

No growth increment data are available for eastern Research Ltd., 1994vas used in the parameter esti-
Bering Sea snow crab. Thus, the growth matrix was mation.
estimated from growth data for snow crab in the Gulf
of St. Lawrence, Canad&dinte-Marie et al., 1995
Assuming a normal distribution of growth increments 3. Results
per moult, the growth matrix was derived from mean
growth increment per moult and its standard devia- M estimates for males varied greatly, ranging from
tion in each size group. Because of lack of observed 0 to 0.97 per year depending on model assumptions
growth data for pre-moulting crab >91 mm CW, mean (Table J. When estimated separately,was the low-
growth increments per moult were estimated from the est forimmature males and highest for mature males of
growth functions derived bgainte-Marie et al. (1995)  80-99 mm CWM estimates for immature and mature
and standard deviations were estimated by applying males without the terminal moult assumption appear
an estimated 10% coefficient of variation to the cor- to be negatively confounded among them, with the
responding mean growth increments per moult. Due correlation coefficient being equal t60.88. Correla-
to large size-group intervals in the model, the growth tion coefficients among th®l estimates for the other
matrix was relatively insensitive to the estimated stan- scenarios were withir-0.1 and 0.3. The coefficients
dard deviations. The first row of the growth matrix of variation ofM estimates were the smallest when a
was estimated to be 0.107, 0.888 and 0.005 and theconstantM was assumed for all male crab. Assuming
second row 0.0, 0.037 and 0.963. Both immature and a zero moulting probability for mature males resulted
mature males were assumed to have the same growthin much higher estimates &ff for mature males and

matrix. close to zero mortality for immature males.
Six scenarios based on moulting probability of ma-  Estimated moulting probabilities depended pri-
ture males (zero and estimated) and differgrd for marily on the moulting assumption of mature males

immature and mature males were compared for the (Table ). Estimated moulting probabilities for im-
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Table 1
Parameter estimates and their standard deviations (in parentheses) for male snow crab in the eastern Bering Sea with six scenarios of

combinations of mature moulting probability and natural mortlity

Parameter Moulting probability of mature males
Estimated Assumed to be zero
Al B1 C1 A2 B2 Cc2

Natural mortality (per year)
Matures 80-99 mm
Matures >99 mm
Immatures

0.816 (0.112) 0.527 (0.074)
0.816 (0.112) 0.527 (0.074)
0.527 (0.074)

0.347 (0.062)
0.347 (0.062)
0.347 (0.062)<0.001 (0.001)

0.971 (0.140)
0.457 (0.161)
<0.001 (0.001)

0.701 (0.168)
0.274 (0.237)
0.136 (0.313)

0.469 (0.202)
0.469 (0.202)
0.064 (0.392)

Moulting probability
Immatures 80-99 mm
Immatures 100-119 mm
Matures 80-99 mm
Matures >99 mm

0.885 (0.021)
0.885 (0.021)

0.911 (0.021) 0.941 (0.015) 0.936 (0.017)
0.712 (0.107) 0.888 (0.030) 0.893 (0.030)

0.481 (0.063) 0 0 0
0.298 (0.069) 0 0 0

0.930 (0.024)
0.766 (0.140)
0.242 (0.094)
0.241 (0.093)

0.931 (0.029)
0.804 (0.124)
0.393 (0.163)
0.244 (0.128)

Moulting to maturity

0.819 (0.024)

0.858 (0.015)

0.740 (0.013)

80-99 mm 0.840 (0.048)  0.837 (0.071)  0.780 (0.041)

100-119 mm 0.891 (0.087)  0.913 (0.071)  0.859 (0.080) 0.956 (0.020) 0.958 (0.019) 0.961 (0.020)
Catchability

80-99 mm 1.000 (0.008)  1.000 (0.004)  1.000 (0.004) 0.907 (0.179) 0.621 (0.081) 0.353 (0.053)
RSS 19.474 20.248 20.513 22.991 25.998 42.670
d.f. 88 89 90 90 91 92
P-value

Al - 0.065 0.102 <0.001 <0.001 <0.001

B1 - - 0.284 <0.001 <0.001 <0.001

C1 - - - - <0.001 <0.001

A2 - - - - <0.001 <0.001

B2 - - - - - <0.001

2A1 and A2: different natural mortalities for immature, mature 80—99 mm and mature >99 mm CW males; B1 and B2: different natural
mortalities for immature and mature males; C1 and C2: the same natural mortality for all males.

scenario, the model lowered the survey catchability
for males of 80-99 mm CW to fit the relatively low
survey abundance of oldshell mature males in this
size group.

mature males of 100-119 mm CW were higher with
the terminal moult assumption (zero moulting prob-
ability for mature males) than without it. Estimated
moulting probabilities for mature males ranged from
0.242 to 0.481 for crab of 80-99 mm CW and from Estimated total male survey abundances had the
0.241 to 0.298 for crab >99mm CW, much lower same trend over time and fit the observed values well
than estimated values for immature males. Among for all scenariosKig. 1). The highest estimated abun-

moulting crab of 100-119 mm CW, estimated propor- dance occurred in 1990 and the lowest one in 2000.
tions of moulting to maturity were also higher with The estimated abundances for all three scenarios of
the terminal moult assumption than without it. Sur- estimating moulting probability for mature males

vey catchabilities were assumed to be one for males were very close to each other and fit the observed
>99mm CW and estimated catchabilities for males abundance better than those scenarios with the termi-
of 80-99 mm CW were also equal to one without the nal moult assumption. Like total survey abundance,
terminal moult assumption and ranged from 0.353 three scenarios without the terminal moult assumption
to 0.907 with the terminal moult assumption. Under closely fit the male abundance by size, shell condi-
the terminal moult assumption and the constifht  tion and maturity status={g. 2). Three scenarios with
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three scenarios were statistically not significantly dif-
Estimated Moulting Probability for Matures ferent (P > 0.05). These three scenarios fit the data
better than the other three scenarios with the termi-
nal moult assumptionT@able ). Thus, with the lowest
number of parameters without the terminal moult as-
sumption, the constamMl scenario was the most par-
simonious model. Among the three scenarios with the
terminal moult assumption, the best fitting model was
the scenario with differert!’s for immature, mature
80-99 mm CW and mature >99 mm CW male crab
(Table 1.

EstimatedV’s were confounded with other param-
eters Fig. 4). EstimatedM for mature males was neg-
atively related tavi for immature males and moulting
probability of mature maled{g. 4A). When the sur-
vey catchability for males >99 mm CW was assumed
to be one, RSS was insensitiveNbof 0-0.1 per year
for immature males and slowly increased with
Current bycatch handling mortality rate was assumed
to be 0.25 and had little effect on estimatddvalues
for male crab and RSS when it wa®.5 (Fig. 4B).
Extremely high handling mortality rates of bycatch
. . , . : : resulted in lower estimatdd values for mature males

% 92 9“Y % %8 00 and higher RSS. Estimatéd for mature males was
o also negatively associated with survey catchability
Fig. 1. Comparison of observed (letter ‘0’) and estimated (lines) for male crab >99 mm CWHg. 4C). Lower survey
survey male snow crab abundances in the eastern Bering Sea. Solidcatchability also resulted in lower moulting prob-
!ines represent a scenario with different natural mortalities for ability for mature males and generally lower RSS.
immature, mature 80-99 mm CW and mature >99 mm CW crab; - . . .
With the terminal moult assumption, estimates of

dashed lines denote a scenario with different natural mortalities
for immature and mature males; dotted lines show a scenario with M for mature males >99 mm CW were much more

1400 1 o
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400 1

200 1

1400 1

1200 1
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1000 1 )
800 1 ’
600 1
400 1

200 1

the same natural mortality for all males. sensitive than those for mature males 80-99 mm
CW to survey catchability of crab >99mm CW
(Fig. 4D).

the terminal moult assumption generally fit the group ~ The model fittings to the mature female abundance
abundance reasonably well, except for immature new- south of 61.2N latitude and in total survey area were
shell abundance of 100-119 mm CW, mature oldshell similar, with RSS being 2.848 and 2.846, respectively.
abundance of 80-99mm CW and mature newshell An estimatedM of 0.516 per year with a standard
abundance of 100-119 mm CWig. 3). Abundances  deviation of 0.109 in the area south of 6IN2was
estimated with these three scenarios for these threeslightly smaller than the estimatdd of 0.564 per
groups were generally much higher than the ob- year (standard deviation of 0.113) in the total survey
served abundances, especially with the scenario of aarea. Both scenarios fit the data wdtid. 5. When
constant\. separateM’s were estimated for newshell and old-

The F statistic test indicated that the most par- shell mature females, estimatéd for newshell ma-
simonious model was the scenario of a constdnt ture females was more than twice that for oldshell
without the terminal moult assumptiofgble 1. The mature females and was biologically unreasonable.
P-values of paired tests among the three scenarios This may be caused by the confounding between es-
without the terminal moult assumption were all greater timates of recruitment anél for newshell mature
than 0.06, indicating that data fittings among these females.
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o

o
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Fig. 2. Comparison of observed (letter ‘0’) and estimated (lines) logarithm of abundances by size group of eastern Bering Sea male snow
crab from 1989 to 2000 with scenarios of estimated moulting probability for mature crab. Solid lines represent a scenario with different
natural mortalities for immature, mature 80—99 mm CW and mature >99 mm CW crab; dashed lines denote a scenario with different natural
mortalities for immature and mature males; dotted lines show a scenario with the same natural mortality for all males.

4. Discussion

4.1. Terminal moult

Among the factors influencinigl estimates for male
snow crab in the eastern Bering Sea, the terminal per year for matures, which was biologically unlikely.
moult assumption is most sensitive. With the termi- In addition, scenarios without the terminal moult as-
nal moult assumption, newshell mature males became sumption statistically fit the data better than those with
oldshell in the following year. Due to the relatively
small proportion of oldshell crab observed in mature
male abundance, estimat®tfor mature males had to
be very high to fit the data. Estimatétifor immature

males was forced to be zero to fit the observed high
abundance of newshell mature males. In the scenario
of estimatingM separately for immature and mature
males with the terminal moult assumption, estimated
M increased from 0.0 per year for immatures to 0.82

it.

The terminal moult assumption for male snhow
crab has been well accepted for Atlantic stocks (e.g.
Conan and Comeau, 1986; Jamieson et al., 1988;
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Immatures Matures

1.0 Newshell,80-99mm Newshell,80-99mm

5.07 Oldshell,80-99mm

Log(Crab Abundance)

Allshell,>119mm

90 92 94 96 98 00 90 92 94 96 98 00
Year

Fig. 3. Comparison of observed (letter ‘0’) and estimated (lines) logarithm of abundances by size group of eastern Bering Sea male snow
crab from 1989 to 2000 with scenarios of zero moulting probability for mature crab. Solid lines represent a scenario with different natural
mortalities for immature, mature 80-99 mm CW and mature >99 mm CW crab; dashed lines denote a scenario with different natural
mortalities for immature and mature males; dotted lines show a scenario with the same natural mortality for all males.

Sainte-Marie et al., 1995Although evidence exists  (Conan and Comeau, 1988; Donaldson and Johnson,
that some tagged mature male snow crab moulted in 1988; Conan et al., 1990; Dawe et al., 1891
Conception Bay, Newfoundlandéawe et al., 199} Dawe et al. (1991pointed out that the gap between
moulting rates were probably very low and the ter- body sizes of observed largest small-clawed and
minal moult assumption was practically accepted large-clawed snow crab from Conception Bay, New-
(Earl Dawe, Department of Fisheries and Oceans, St. foundland exceeded one moult increment, which did
John’s, Nfld, Canada, pers. commun.). Based on their not support the terminal-moult hypothesis. For eastern
snow crab work in the Gulf of St. Lawrence and the Bering Sea male snow crab, there was an abundance
literature on majid crabs;onan and Comeau (1986) gap between large immature and large newshell ma-
andConan et al. (19903uggested thaThionoecetes ture males. In 8 of 11 years, the survey abundance
males have a terminal moult at morphometric maturity of newshell mature males >119mm CW exceeded
as well. This assertion led to a considerable debate the survey abundance of immature males >99 mm
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Fig. 4. Relationships among natural mortality, mature moulting probability, RSS, survey catchability for male crab >99 mm CW and bycatch
handling mortality rate for eastern Bering Sea male snow crab. Different natural mortalities were estimated for immature and mature males
without the terminal moult assumption (panels A and B, i.e. scenario Blable 1), the same natural mortality was estimated for all

males without the terminal moult assumption (panel C, i.e. scenario Ohhife 1) and different natural mortalities were estimated for
immature, mature 80—99 mm and mature >99 mm CW males with the terminal moult assumption (panel D, i.e. scenafiabh® In
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Fig. 5. Comparison of observed (letters ‘n’ for newshell and ‘o’ for oldshell) and estimated (solid line for newshell and dotted line for
oldshell) abundances of eastern Bering Sea mature female snow crab from 1989 to 2000.

CW adjusted by catch but not byl a year earlier

1998, to 19.5mm in Baie Sainte-Marguerite Bay,

(Fig. 6). The same pattern held for survey abundance the Gulf of St. LawrenceSainte-Marie et al., 1995

of newshell mature males >129mm CW and survey
abundance of immature males >109 mm CWiy( 6).
Growth increment per moult data for eastern Bering
Sea snow crab are not available. For Atlantic snow
crab stocks, a variety of estimates of mean growth
increment per moult for a male crab of 100 mm
CW have been published, ranging from 11.2mm in
Conception Bay, Newfoundlanddylor and Hoenig,
1990, 15.1 mm in the southern Gulf of St. Lawrence
(Moriyasu et al.,, 198y 18.4mm in the western
Gulf of St. Lawrence Nliller and Watson, 1976
19.2 mm in Bonne Bay, Newfoundlan@¢meau et al.,

Another study on the growth of male crab in Con-
ception Bay, Newfoundland shows that mean growth
increment per molt for a male crab of 100 mm CW
could reach 20 mmHoenig et al., 1994 The results
from Sainte-Marie et al. (1995)which are among
the upper estimates, were used in this study. If mean
growth increment per moult for males100 mm CW

is 20mm or less and if the survey catchability of
males >99 or 109 mm CW is close to one, the large
newshell mature males in the eastern Bering Sea can-
not come from immature males alonEid. 6). Note
that some of the immature males remained immature
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Fig. 6. Comparison of observed abundance of immature males >99 and >109mm CW adjusted by catch and observed abundance of
newshell mature males >119 and >129 mm CW in the following year in the eastern Bering Sea from 1989 to 260@f &aro was
used when adjusted the corresponding catch from the immature abundance.

in the following year, either due to not moulting or crab tends to move to deeper water than immature
not moulting into maturity. One possible explana- crab ¢heng et al., 2001 some mature males may
tion is that the survey catchability is smaller for the move out of the trawl survey area. Thus, whether
large immature than for large mature crab, as sug- mature male snow crab in the eastern Bering Sea
gested byConan and Comeau (1986for eastern moult or not is still an unanswered question. Given
Bering Sea snow crab, the trawl survey is system- the important implications of the terminal moult as-
atic and there have not been any studies to concludesumption on natural mortality estimates and fishery
that large immature crab avoid the trawls more than management, future research is needed to address this
large mature crab. In contrast, because mature snowissue.
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4.2. Survey catchability year for mature males of 120 mm CW. Otto did not
estimateM for immature males, but all of zero for

The second most important factor affectikgesti- immature males resulted in the best prediction in his
mates is survey catchability. Similar to the results by study. The different results obtained in the two anal-
Zheng et al. (1997)or eastern Bering Sea blue king yses can be explained by two factors. First, Otto used
crab Paralithodes platypus), M and survey catchabil-  data from 1989 to 1994 and data from 1989 to 2000
ity estimates were negatively related for eastern Bering were used in this study. No chela height measurements
Sea snow crab. Because the harvest rate is applied tofrom commercial catches were made before 1995, so
survey abundance to determine catch quota, a lowerproportions of maturity by size from the survey data
survey catchability means a smaller realized harvest were applied to commercial catches in Otto’s study.
rate. Given a total mortality rate, a decrease in harvest Because mature males move to deep water where the
rate results in an increasehh As female catch cannot ~ commercial fishery has been concentrated, the propor-
legally be retained and female bycatch was very low, tion of maturity for a given size was higher from the
M estimates for females were not sensitive to changes commercial catches than from the survey data. The un-
in survey catchability. Little has been published on derestimates of fishing mortality rate of mature males

trawl survey catchability for eastern Bering Sea snow
crab. Based on a limited experiment, net efficiencies
(the capture probability of crab that occur between the
wing-tips of the trawl net) at the midpoints of three

crab groups (90, 110 and 130 mm CW) for the east-

would result in higher estimates bf in Otto’s study.
Second, different approaches to estimdterere used.
Multiple years of data were modeled together to es-
timate M in this study, whereas about 108's were
estimated by pairs of data points and a logistic func-

ern Bering Sea snow crab survey were estimated to tion of size was fit to thesk!’s in Otto’s study. More

be 0.65, 0.79 and 0.8&6merton and Otto, 19%9If

importantly, it appears that Otto’s study implied that

survey catchabilities are equal to these estimated netM occurred primarily during and after the commer-

efficiencies, estimates ofl are similar to those with
survey catchability of 0.7-0.8 for crab >99 mm CW in
Fig. 4C and D. These catchabilities do not change the
conclusion that the constaM scenario without the
terminal moult assumption is the most parsimonious
model. Generally, low survey catchability would also
result in low estimates of moulting probability for ma-
ture males. A survey catchability of 0.3 would result
in a mature moulting probability of about 0.05 when
estimatingM values separately for mature and imma-
ture males and 0.35 with a constafor both mature
and immature males. The terminal moult assumption
fits the data better with decreasing survey catchability.

4.3. Comparisons with other estimates

The results in this study are similar to those®igo
(1998) with the exception that preseM estimates

cial fishery, which usually started about 6 months after
the survey. The extremely higil estimated byOtto
(1998)for large mature male snow crab in the eastern
Bering Sea was partly caused by this implication.
Directed fishing mortality rates were very small or
close to zero for small male snow crab in the eastern
Bering Sea, so Otto’s assumption cannot explain the
high estimates oM for small males in Otto’s study
(e.g. M = 2.11 per year for mature male crab of
50mm CW). | speculate that several factors could
contribute to these high estimates. First, small imma-
ture and mature male crab were highly overlapping
in the CW—chela height plot©¢to, 1998 and hardly
any visible separation could be detected between
these two groups for crak<80 mm CW for most
years. Abundances of small immature males were
much higher than those of small mature males. So for
a given percentage (of abundance) of classification

for mature males are lower. The comparable scenario error, a greater number of immature males would

in Otto’s study is differentM values for immature,
mature 80-99 mm CW and mature >99 mm CW crab
with the terminal moult assumptioll values were es-

be wrongly classified as mature males than mature
males wrongly classified as immature males. Due to
the overlap and difference in abundance, classifica-

timated to be 0, 0.97 and 0.46 per year for these threetion errors could artificially inflate estimates of small

categories of male crab. Otto estimatddo be 1.18
per year for mature males of 90 mm CW and 1.09 per

newshell mature males, which could cause higher
estimates oM. Second, oldshell or large crab tended
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to move to deep wateZpeng et al., 2001 If some to determine MSY for the eastern Bering Sea crab
oldshell mature males moved outside the survey area, fisheries, shouldFyysy = 0.3 (currently assumed),
it could inflate estimates d¥l. Third, because of ex-  1.07-2.11 Qtto, 1998, or 0.35 without the termi-
tremely low or no directed fishing mortality, average nal moult assumption and 0.46—0.97 with the terminal
relative ages of small males after maturity may be moult assumption (from this study) for mature male
higher than those of large mature males, which could crab? Different choices d#l would influence optimal
result in a higheM. Finally, some mature males may management strategies greatly. Uncertainties demand
continue to moult. If this is truéyl was overestimated a conservative or precautionary approaétegtrepo
with the terminal moult assumption. et al., 1998. On the other hand, management strate-
It is difficult to compare estimatell’s for the east- gies shall be based on the best scientific information
ern Bering Sea snow crab stock with those for the other available NPFMC, 1998. Therefore, when develop-
stocks. Based on survey and fishery data from 1993 to ing a management strategy, all theédé along with
2000, M for the snow crab stock in the southwestern associated survey catchabilities and moulting proba-
Gulf of St. Lawrence, Canada was estimated to be 0.11 bilities should be considered and evaluated for their
per year for immature males, 0.63 per year for mature implications to the realization of the fishery manage-
males with shell conditions 1 and 2, 0.22 per year with ment goals and for their biological feasibility. Before
shell condition 3, O per year with shell condition 4 and this study, the precautionary approach was to select a
infinite with shell condition 5 (E. Wade, Gulf Fisheries conservativévl of 0.3 per yearfIPFMC, 1998. In the
Centre, DFO, Canada, pers. commun.). Based on theseuture, research efforts on estimatifgshould be fo-
M'’s as a function of shell condition, overd for all cused on reducing the uncertainty. Further understand-
mature males for this stock should be less than 0.5 pering of the terminal moult issue, survey catchability and
year. Total mortality Z) was estimated to range from migration patterns between the US—Russia boundary
0.40 to 0.54 per year, using the size frequency data northwest of St. Matthew Island will help reduce the
from 1985 to 1988 for legal-sized male snow crab in uncertainty.
the western Japan Sedafnasaki et al., 1990Using
the size frequency data in 1989 and 19%8masaki
et al. (1993)derivedZ to be higher than 0.84-1.05 Acknowledgements
per year for males within a year of maturity and to
range from 0.34 to 0.54 per year for males that had R.S. Otto and B.G. Stevens of NMFS provided sur-
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stock but was considered to contribute to most of the male snow crab. R.S. Otto, D. Pengilly and M.S.M.
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high M during moulting to maturity Yamasaki et al., ~ spheric Administration (NOAA). The views expressed
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