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Abstract

Yield from fisheries is a tangible benefit of ecosystem services and sustaining or restoring a fish stock

level to achieve a maximum sustainable yield (MSY). Snow crab (Chionoecetes opilio) off Tohoku

has been managed by a total allowable catch since 1996, although their abundance has not increased

even after 2011, when fishing pressure rapidly decreased because of the Great East Japan Earthquake.

This implies that their biological characteristics, such as recruits, natural mortality coefficient (M), and
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terminal molting probabilities (p), might have changed. We developed “just another state-space stock

assessment model (JASAM)” to estimate the MSY of the snow crab off Tohoku, Japan, considering

interannual variations in M and p. The multi-model inference revealed that M increased from 0.2 in

1997 to 0.59 in 2018, although it was not different among the instars, sex, nor terminal molt of crabs.

The parameter p also increased by 1.34-2.46 times depending on the instar growth stages from 1997

to 2018. We estimated the MSY's in three scenarios, which drastically changed if M and p were set as

they were in the past or at the current values estimated from this study. This result indicated that the

MSY of snow crab would also be time-varying based on their time-varying biological characteristics.

Keywords

Probability of terminal molt, random walk, stock assessment, the Great East Japan Earthquake, time-

varying ecosystem services

Introduction

Ecosystem services are the benefits that nature can provide to households, communities, and

economies (Boyd and Banzhaf 2006), and fish production (yield) is a tangible benefit of ecosystem

services (Tomscha and Gergel 2016). Although the development of fishery and transportation

technologies has become a factor to increase yield, an increase in yield may lead to overfishing and
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reduced yield. At the United Nations summit in 2015, the Sustainable Development Goals (SDGs) was

adopted in “The 2030 Agenda for Sustainable Development” as a common international objective

from 2016 to 2030 (UN General Assembly 2015a). The SDGs comprise 17 goals and 169 targets, and

maintaining or restoring fish stock levels to achieve a maximum sustainable yield (MSY) as

determined by their biological characteristics is one of main targets of the SDGs (UN General

Assembly 2015b).

In Japan, the Fisheries Law has been amended for the first time in 70 years since it was enacted in

1949. In the amended Fisheries Law, it is necessary to set a target for fish abundance that maintains

the MSY of a (spawning stock) biomass calculated under natural conditions in the present and

reasonably foreseeable future (Fisheries Agency;

https://www.jfa.maff.go.jp/i/kikaku/kaikaku/attach/pdf/suisankaikaku-20.pdf last

accessed 29 January 2020). Some fish stocks that are legally managed by regulated total allowable

catch (TAC) have begun to be managed under this amended Fisheries Law.

Snow crab (Chionoecetes opilio) off the Tohoku region (Figure 1) have been managed by a total

allowable catch (TAC) since 1996, and are one of the most valuable exploited species in Japan. In

snow crab, terminal molting stops body growth as it matures (Yoshida 1941; Conan and Comeau

1986). At present, it is assumed that snow crab off Tohoku molt once a year in and after instar VI,

and then molt finally from instar X; this is based on a case study in which specimens from the Sea of
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Japan were reared (Kuwahara et al. 1995).

Although total landings in the Tohoku area were around 100 gross ton before the 2011, total

landings and fishing efforts (the number of tows that caught at least one snow crab by bottom trawl

vessels) rapidly decreased in 2012 (Figure 2) because of the Great East Japan Earthquake and tsunami

in March 2011, which destroyed much of the fisheries-related infrastructure, such as fishing vessels,

fishing ports, and marine product processing factories. Fishing efforts for snow crab after the

earthquake have been less than 2% of those before 2011 (Shibata et al. 2019). Regarding bottom trawl

fishing off Fukushima, only trial fishing has been carried out since 2011 (Shibata et al. 2017).

The stock status of snow crab has been assessed by scientists of the Japanese Fisheries Research and

Education Agency (FRA), based on their estimated abundance (fishable biomass, males: only for

carapace width (cw) > 80 mm, females: only for matured) by a swept area method from the survey

results of a research vessel (R/V) every year. Regardless of the quite low fishing efforts, the observed

abundance has continued decreasing rather than increasing, contrary to expectations (Figure 2).

Because fishing pressures have been kept quite low since March 2011, other factors have caused this

continued decrease. In fact, the two-year projected abundances that were needed to calculate the

allowable biological catch (ABCs) had likely been overestimated since 2012 by a previously

developed model (Ueda et al. 2009), with the fishing mortality coefficient (F) set as almost zero

(Shibata et al. 2019). One possible reason for this overestimation is that the biological characteristics,
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91 such as recruits, natural mortality coefficient (M), and terminal molting probability (p), could have

92  changed in recent years. Especially, M and p might have increased and maintained high values; the

93  previous model assumed that M and p did not vary with time.

94 Since we are interested in the time variation of the parameters, it is necessary to estimate these

95  parameters using an appropriate statistical model. In previous studies, these parameters were treated

96  as constant with time, or expressed with random effects (Yamasaki 1988; Szuwalski and Turnock

97  2016; Murphy et al. 2018). However, it is more natural to assume that the parameters change

98  continuously rather than randomly changing every year. Therefore, we assumed that the biological

99  characteristic parameters followed a random walk (RW). A state-space stock assessment model (SAM)

100  has been reported (Nielsen and Berg 2014), in which some parameters vary by an RW process.

101  Although an age-structured model, such as statistical catch at age (SCAA), usually assumes that a

102  selectivity pattern is constant over time (Butterworth and Rademeyer 2008), SAM can estimate a time-

103  varying selectivity following an RW with a multivariate normal distribution (Nielsen and Berg 2014).

104  SAM also enables the use of information criteria, such as Akaike’s information criterion (AIC) (Akaike

105 1974), for model selection, as opposed to the penalized likelihood approach (Nielsen and Berg 2014).

106  Since the model developed in this study has some structures in common with SAM, it will be called

107  JASAM (just another SAM).

108 The purpose of this study is to develop a state-space model that considers variations and predicts the
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109  future abundance based on the stock—recruitment relationship defined in this study, thereby estimating

110  the MSY of snow crab off the Tohoku region, Japan, taking into account interannual variations in

111  biological characteristic parameters, such as recruits, M, and p.

112

113 Materials and Methods

114  Scientific bottom trawl surveys

115 To estimate the abundance of snow crab, scientific surveys using a bottom trawl net by the R/V

116  Wakataka-maru have been carried out between 1997 and 2018 on the northern part of Honshu Island,

117  Japan (Tohoku region [Figure 1]). A total of 150 survey stations were set to tow at depths from 150 to

118 900 m from September to November, where the spatial distribution of snow crab was at depths ranging

119  from 150 to 700 m and the main distribution range of fishable crabs (males with cw > 80 mm and

120  mature females) is approximately 400-550 m (Kitagawa 2000). The total length and mouth width of

121  the trawl net were 44.1 m and 5.4 m, respectively. The mesh size of the net was 50 mm and a cover

122 net with an 8 mm mesh was set at the cod-end. All tows were carried out during the daytime at a mean

123  ship speed of 3.0 knots for 30 min. The tow area (i.e., survey effort) of each station was calculated by

124  recording the arrival and departure point on the bottom and horizontal open width of the net using the

125  Net Recorder system (Furuno Electric Co., Hyogo, Japan or Marport, Reykjavik, Iceland).

126 The caught crabs were divided into males and females, and the number of individuals was counted.
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127  For males, the cw and right (if not available, left) cheliped height was measured to the nearest 0.01

128  mm using a digital caliper (CD67-A20PM, Mitsutoyo, Kanagawa, Japan) to identify their maturity

129  (Watson 1970; Fujita et al. 1988). For females, the cw was also measured and recorded, and the

130  abdominal pleon was observed to determine maturity; adult females are characterized by a broad

131  abdominal pleon after terminal molt (Yoshida 1941). Instars of snow crabs off Tohoku were

132 distinguished by their cw intervals (Table 1) (Ueda et al. 2007). In snow crab, the number of molts

133  after instar VI is once a year; this can be used as an age trait (Kuwahara et al. 1995). The minimal

134  instar of the snow crab obtained by this scientific bottom trawl was instar VIII, where their interval of

135  cwis 24-42 mm (Table 1).

136 We then calculated the density at the station and estimated the total number at instar (ha) with their

137  coefficients of variation (CVs) for the whole Tohoku region by multiplying by the area based on a

138  swept area method (Shibata et al. 2019). CVs were corrected by Taylor’s power law (Supporting

139  Information 1). The estimated catch efficiency (Hattori et al. 2014) of the trawl net and their variance—

140  covariance matrix were used to estimate an unbiased abundance (see below eq. [34]).

141

142 Catch data

143 Snow crab have only been caught off the coast of the Tohoku region by offshore bottom trawl

144  fisheries (> 17 gross ton); their annual catches of snow crab were therefore used as a total catch. The
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145  catch statistics were distinguished for males (only for cw > 80mm) and females (only for matured).

146  Crabs were sampled and their cw measured to reflect a whole composition of cw in the total catch by

147  the Fukushima Fisheries Experimental Station. Additionally, their right or left cheliped height (only

148  for male) and maturity (only for female) were measured. Then, catch at instar (ca) was calculated

149  based on the instar and maturity composition in the sample data. Because Fukushima Prefecture

150  occupied 78% of fish catches (on average) of the total catch during 1997-2018 (Figure 2), the

151  representativeness of the samples was guaranteed. Samples during 1997-1998 and 2003 were not

152  available because the sample sizes were small, therefore the instar and maturity composition in 1999

153  and an average composition of 2002 and 2004 were used, respectively. Sample data during 2008-2010

154  were also not available because a hard disk containing those data was lost to the massive tsunami in

155  March 2011. Therefore, a composition of 2007 data was used to obtain ca values for those years.

156 Because there were few catches and measurements were not carried out from 2011 to 2017,

157  compositions of this period were substituted by those of the scientific bottom trawl survey. In 2018,

158  ca was available because measurements were carried out by scientists working for the FRA and

159 Fukushima Prefectural Research Institute of Fisheries Resources.

160

161  Statistical modeling

162 We developed a state-space stock assessment model coupled with an RW process, such as fishing
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mortality coefficient () used in the SAM (Nielsen and Berg 2014). We hereafter refer to it as “just

another state-space stock assessment model” (JASAM). In JASAM, M and p can be stably estimated

because the number at instar and maturity have been obtained based on the scientific bottom trawl

survey. JASAM has two model structures, state and observation models, for the modeling of latent

population dynamics and the catch (observation) process. Unlike in SAM, not only £, but also M and

p, can have RW schemes in this model (see below).

Modeling of natural mortality coefficient

Definition of M at group

There are six instar categories, where a (a = 8,..., 13) shows the instar. Although we are interested

in an instar-specific natural mortality rate M,, the adjacent instars may take the same M because

individuals of adjacent instars have similar body sizes, habitats, and are exposed to similar

environments. In this study, instar group g (g =0, ...,5) was used to select M at group (M,) and

instars were categorized for all groups (Supporting Information 2). The group consisted of

successive instar groups. For example, if instar VIII and X are in the same group, instar IX is also in

the same group. Since there are five “partitions” between one and six as integers and the same group

cannot be formed across the partitions, 2° = 32 combinations were made for M.
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181 Time-varying M

182 As we explained in the introduction, it was suspected that M and/or p have maintained a high value
183  inrecent years. Considering the possibility that M varies with time, variations in M were assumed to
184  be one of the following three patterns: a constant, an RW of first-order difference, or that of second-
185  order difference. In the constant style, M 1 = Mg, = M, where ¢ shows year (t = 1997,...,2018). In
186 the first-order RW style,

187

188  In(Myy1)~Normal(In (M), 0% 5), (1)

189

190  where oy is the standard deviation of the normal distribution used for RW. In the second-order RW
191 style, this is shown as

192

193 In (Mg 11)~Normal(2In (Mg ,) —In (M ,_1),07 4)- )

194

195  These three patterns of Mg, were selected by model selection (see below).

196

197 M after the terminal molting
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198 We categorize the number of years elapsed after the terminal molting, j ( = 0, 1, 2), into immature

199  (j = 0), terminally molted within one year (j = 1), and terminally molted after more than one year (;

200  =2)(Shibata et al. 2019). The crabs mature functionally at the same time that they undergo the

201  terminal molt and cease to grow. Then, since the shells of snow crab have started to harden

202  gradually, M can be lower than that of an immature crab (Yamasaki 1988; Yamasaki et al. 1992). In

203  the stock assessment of snow crab, it has been assumed that M decreases for individuals one year

204  after terminal molting (j = 2). Therefore, M of an individual one year after the terminal molt was

205  multiplied by a multiplier ¢ (0 < ¢ <1) to express the change in M after the terminal molt:

206
M, ifj<2,

207 M’ ={ gt 3

I Mye,j = 2, ©)

208 ¢ e (4)

= (1+exp (-Ty))’

209  where M,/ is the natural mortality rate corresponding to the number of years elapsed after the
210  terminal molting and 7, is a parameter that should be estimated.

211

212 Modeling of fishing mortality coefficient

213 Because the spatial distribution of snow crab off Tohoku is basically divided between mature and

214  immature individuals by sex rather than instar (Kitagawa 2000), F’ at instar has not been estimated in
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the stock assessment in Japan (Shibata et al. 2019). We also use fishing mortality F, specified by

maturity status and sex. The time-varying F' is shown below:

In(Fy.) + EQy + &re if t = 2010,

ln(Fk_t) + &y ¢, otherwise,

In(Fepy) = { 5)
where k£ = 1 (immature male), k = 2 (mature male), and k£ = 3 (mature female). When ¢ is 2010, the
rapid decrease in fishing pressure due to the earthquake cannot be expressed by RW; therefore, it is

estimated as a fixed effect EQ. Here,
€kt ~ MVN(0,Xp), (6)

where ¢ follows a multivariate normal (MVN) distribution, and its variance—covariance matrix X is

shown as

YF= [kaIfU;{]
(0'k=1)?

_ IF _JIF IF \2
- plo- k=10- k=2 (O- k=2) . (7)
IF IF IF IF 'F 2
P30 1=30"k=1 P20 }=20 k=3 (0'}=3

Here, upper triangular components were omitted and p and ¢~ were changed after 2011 as below:
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m,i}c t < 2011,

Pr = 1 . ®)
——————, otherwise.
1+exp (—(Tpk+Tp))

In(af),if t <2011,
In () + T,r, otherwise.

In (o'§) ={ ©)
Here, T, is tested for whether it is zero in a model selection (see below), although 75 is not, because
the total catch has apparently decreased and therefore 7, must be changed after 2011. Model
selection was also carried out for p; in five cases: one case that all p; are one (i.e., Tjx is not
estimated), three cases that two of the three p; take the same value, and one case that all p; are

different.

Modeling of terminal molt probability
The terminal molt probability (p) was modeled as a function of the instar; p may vary with time. We

modeled p using an RW process, as below:

pac = 1/(1+ exp (~(oc + B x @), (10)

Bo,t+1~Normal(B Gﬁo)‘ (1)


https://doi.org/10.1101/2020.02.02.931428

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.02.931428; this version posted February 3, 2020. The copyright holder for this

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We carried out model selection to determine whether fo,= fo (i.e., not time-varying but constant) or

Do,

State model of male

The structure of snow crab population dynamics is quite complex because they have six-plus groups

after instar X and the male fishable size (cw > 80 mm) divided instar XI (cw interval is 74—86 mm)

into two categories (Table 1). We hereafter describe the model formulae of each transition step by

step. Here, the initial number (i.e., in = 1997) of snow crab at instar and sex were parameters to be

estimated.

From instar VIII to IX (a = 8)

The number at instar from instar VIII to IX can be shown as below:

In (Ngt1,j=0t+1) = In (N j=o) — M'g . (12)

From instar IX to X (a = 9, immature)
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268  From instar IX to X, some individuals mature (undergo terminal molting). The population dynamics
269  model can be expressed as

270

271 In (Ngyqjmors1) = In(Ngjcor) — Mg +In(1 — pgay). (13)
272

273  where 1 — p,, is the probability that an individual is not terminally molted.

274

275  From instar IX to X (a = 9, mature)

276  Terminal molting at instar X results in maturing with a cw of less than 80 mm, and the individual
277  ends its life without recruiting to a stock. The dynamics from immature to mature are shown as
278

279 In (Ngy1,j=1,t41) = ln(Na,j=0,t) -Mg, + ln(pa,t)~ (14)
280

281  Aplus group of instar X is shown as below:

282

283 In (Na+1,j:2,t+1) = 1n(2?=1 Nay1,j¢ exp(_M,g,t))- (15)
284

285
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286  From instar X to XI (a = 10, immature)

287  Since male snow crabs with a cw larger than 80 mm are fishable, the number of crabs at instar XI
288  (74-86 mm) multiplied by » (0 < » < 1) are fishable. In other words, the number of crabs at instar XI
289  were separated into ranges (74—80 mm as not fishable and 80—86 mm as fishable). Although we had
290  assumed that » was 0.5 in a previous study (Shibata et al. 2019), we estimated 7 in this report.

291  Individuals of instar XI with a cw of 74—80 mm without terminal molting can be modeled as

292

293 In(Ng41,j=0t+1,74-80) = ln(Na,j=0,t) My + ln(l - pa,t) +1In(1—7). (16)

294

295  The individuals of instar XI with a cw of 80—86 mm without terminal molting is then modeled as
296

297 In (Na+1,j=0,t+1,80—86) = ln(Na,j=0,t) - M,g,t + ln(l - pa,t) + In(r), (17)

298

299 where r=1/(1+exp(-T;)) and Ngy1j=0,t+1 = Na+1,j=0,t+1,74-80 + Na+1,j=0,t+1,80-86-

300

301  Frominstar X to XI (a = 10, mature)

302  Individuals of instar XI with a cw of 74—80 mm with terminal molting are modeled as

303 In (Na+1,j=1,t+1,74—80) = ln(Na,jzo,t) - M’g,t + ln(pa,t) +1In(1—71), (18)
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304 In (Na+1,j=2,t+1,74—80) = In (Z?:l Na+1,j,t,74—80eXp(_M,g,t))~ (19)
305

306  Individuals of instar XI with a cw of 80-86 mm with terminal molting are modeled as

307 In (Ng41,j=1,t+1,80-86) = ln(Na,j=0,t) -Mg. + ln(pa,t) +In (1), (20)
308 In (Na+1,j=2,t+1,80—86) =In (Z?=1 Na+1,j,t,80—86exp(_M’g,t = Fr=2¢)), (21)
309

310  where individuals that had experienced terminal molting were caught with a fishing mortality

311 coefficient of F.

312

313

314  From instar XI to XII (a = 11, immature)

315  Of the 74-80 mm and 80-86 mm individuals at instar XI, only the latter is subject to catch and is

316  expressed as follows:

317

318  In (Ngt1,j=0,41) = In ((Ng j=0,6,74-g0XP (—M'g ) +

319 Ng,j=0,t,80-86€XP (_M,g,t = Fr=1,6)) (1 — par)). (22)

320

321


https://doi.org/10.1101/2020.02.02.931428

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.02.931428; this version posted February 3, 2020. The copyright holder for this

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

From instar XI to XII (a = 11, mature)

Because the 80-86 mm individuals are terminally molted and included into a plus group of instars as

In (Na+1,j=1,t+1) =In ((Na,j=0,t,74—80 eXp(_M’g,t) + Na,j:o,t,80—86exp(_M’g,t = Fi=1,t))Pat)

(23)

In (Na+1,j=2,t+1) =1In (Z?=1 Nasjt exp(_M’g,t = Fr=z¢)). (24)

From instar XII to XIII (a = 12, immature)

The number at instar from instar XII to XIII not terminally molted can be shown as below:

In (Na+1,j=0,t+1) =1In (Na,j=0,t) - M,g,t = Fz1e +In(1 = pg ). (25)

From instar XII to XIII (a = 12, mature)
The number at instar from instar XII to XIII terminally molted can be shown as below:
In (Ngy1,j=1,t41) = In (Na,jzo,t exp(_M,g,t - Fk=1,t) Pa,t)s (26)

In (Ngy1,j=2,t41) = In (Zfﬂ Na+1,j,texp(_M,g,t — Fr=2¢))- (27)
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340  From instar X1l to XIV (a = 13)

341  Because all individuals at this instar stage mature at probability one, the equation is shown as below:
342

343 In (Ngy1,641) =In (N j=or exp(—M'g,t - szllt) +

344 Z?=1 Na+1,j,texp(_Mlg,t = Fr=2))- (28)

345

346

347  State model of female

348  From instar VIII to IX and IX to X (a = 8 and 9, immature)

349  Because females do not mature at instar X, the population transition is described as

350

351 In (Nat1,j=0+1) = 1n(Na,j,t) - M,g,teXP (TMg)ﬂ (29)
352

353  where Tug is the female-specific term, although Ty is tested for whether the term is zero or not.
354

355

356  From instar X to XI (a = 10, immature)

357 In females, because only instar XI is fishable, the transition is shown as below:
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358

859 I (Nayrees) = In (Ng j=ge exp (—Mgexp (Ty,)) +

360 Z?:] Nay1,jeexp(=M'grexp (Ty,) — Fi=2¢))- (30)

361

362

363  Estimation of the number of individuals at instar VIII

364  Because our survey can observe snow crabs older than instar VIII, we treated the number of
365  individuals at instar VIII as recruits. Here, we assumed an RW process as below:

366

367 In (Ng=g,j=0,t+1)~Normal(In (Ng=g j=o,¢), aﬁec)a €2y
368

369  where the numbers of males and females were assumed to be the same (i.e., the sex ratio of recruits
370  was assumed as 0.5).

371

372

373  Observation model

374 Scientific bottom trawl survey

375 The estimated number of individuals in the trawl survey » is obtained by multiplying the catch
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376  efficiency ¢ by the true number of individuals N. Elapsed years after the terminal molting are not

377  known by the trawl survey; only the identification before or after the terminal molting (z = 0 where j

378 =0,u=1wherej=1 and 2) can be determined. An observation model for the trawl survey is shown

379 as below:

380
381 In (ngu,) ~ Normal(ln (qacNoo %), log (1 + w2 ) + log (1 + CVZ, ), (32)
382  In(wgq ¢)~Normal(u,,, al), (33)
383

384  where 6—6, are parameters of hyperstability (or hyperdepletion) that show a nonlinear relationship

385  between abundance and its index (Hilborn and Walters 1992; Chen et al. 2008), and 6; is only

386 estimated for females. To make the model flexible, we treated w? as a random effect term. We

387 calculated the likelihood as both 7., 7480 and n4,.,.80-86 for males, although the suffix was omitted in

388  eq. (32). The CV of the number of individuals estimated by the swept area method is used in eq. (32).

389  The catch efficiency ¢ is shown as below:

390
391 qar =vo/(1 +exp (—(y2 + ¥3eWqr))), (34)
392 yo =1/ +exp (—11)), (35)

393
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where cw,, was the average cw of each instar obtained from the annual trawl survey. The catch

efficiency ¢, was treated as a random effect term and the average y1—y3 and their variance—covariance

matrix was plugged in from the previous study (Hattori et al., 2014).

Yi ~ MVN(@, X)), (36)
2y
0.214
=l —0.003 8.758 x 1075 . (37)
0.002 —0.001 0.074

Here, upper triangular components were omitted and 7; = 0.683, 7, = —4.276, and y; = 0.0792.

Catch at instar
cq 18 the observed number of catch at instar and C, is the estimated number of catch at instar; these

were shown as below:

In (Ca,u,t) ~ Normal(ln (Ca,u,t)' Té,u)a (38)

Cau=0t= Nou=0j=11¢ exp(— M'g,t/6) (1 - Fk=1,t)Wa,u=0,t: (39)


https://doi.org/10.1101/2020.02.02.931428

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.02.931428; this version posted February 3, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

412 Coumie = Xjms Naw=1,e exp(= M'g,c/6) (I = Fioe)Waum1,e: (40)

413

414  where the catch of male snow crab was applied using both eq. (39) and (40) (k = 2), although that of
415  females was applied using eq. (40) (k= 3) alone, because only mature females were caught.

416

417  Model selection

418  State and observation models

419  There are eight factors to be selected in the model: 1) The variables/types of difference in M, to be
420  selected were 32 combinations for M, (Supporting Information 2), 2) three types of difference for M,
421 3, 4) either ¢ and Tye = 1 or not, 5) either 7,= 0 or not, 6) five combinations for 7z, 7) either fo was
422  time-varying or not, and 8) either the parameters of hyperstability were included in model or not (Table
423  2). Consequently, the number of tested models is 15,360 (=32 x 3 x 2 x 2 x 2 x 5 x 2 x 2). The number
424  of parameters for Mg, were all about whether a constant (M), a first-order difference (oa), or a
425  second-order difference (ou’g) model was selected, because the number of parameters equaled the
426  number of groups. The first-order difference may be selected more easily than the other two types
427  because it is considered to be the most flexible for fitting. We therefore performed model selection for
428  each of three types for M, and selected the best one by both AIC (Akaike 1974) and Bayes’

429  information criterion (BIC) (Schwarz 1978). Six models will ultimately be chosen as candidates for


https://doi.org/10.1101/2020.02.02.931428

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.02.931428; this version posted February 3, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

430  the best model through this procedure.

431 The estimated abundance Ar_; (4 =YNows, T=2018,i=1,..., 5) of both males and females was

432  calculated using all the data from 1997 to 2018. The estimated abundance using the data period from

433 1997to T—-i(i=1,...,5) was denoted as Ay_;g, (Ri=Ri,..., Rs), where R; is a suffix indicating how

434  many years of data are excluded. As an index representing retrospective bias, Mohn’s rho (ppas;) (Mohn

435 1999) was calculated by the following equation:

436
1 Ar—iR;—AT—i

437 Ppast =3 2o (%) x 100. 41)

438

439  In addition, a retrospective forecasting (Brooks and Legault 2015) approach was used to estimate an
440  error in future projections for two years ahead because the ABC of snow crab had been calculated
441  based on data from two years ago (Shibata et al. 2019). First, the abundance was estimated using the
442  data from 1997 to T — j, excluding the data for j years (j = 3,..., 7). Then AT_h,Rh (h=j—-2) was
443  projected for the abundance two years ahead. For example, when j = 3 then /4 = 1, the abundance and
444  the parameter estimation were performed using the data up to 2015, and the abundance in 2017 was
445  predicted. This procedure was repeated to calculate pjur for ABC using the following formula:

446

AR, ~At—h

1
4T pruare =235 )x 100, “2)

t—h
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448

449  All parameter values were given their average over the past three years to calculate pjur.. Biases in

450  the estimation and prediction of the abundance for the six best models were evaluated using ppas: and

451  pfmre and the best model was selected. As a sensitivity test, the CVs of the observed number of instars

452  were multiplied by 1.5 using the best model. We then calculated ppast, pfiuure, and time-varying Mg ;.

453

454

455  Stock—recruitment relationship

456 We fitted three types of stock—recruitment (SR) relationship between the estimated spawning stock

457  biomass (SSB) and recruitment (instar VIII) that were obtained from the best model from the above

458  model selection phase for future predictions. We used three types of SR relationships as hockey stick

459  (HS) (Clark et al. 1985), Beverton—Holt (Beverton and Holt 1957) (BH) and Ricker (RI) (Ricker 1954)

460  models for eq. (43), (44), and (45), respectively, as below:

461
s (agSSB. if SSBy < ay
462 Rivs = { apay if SSBy = a; ° *3)
~ SSB,
463 Reys = 1;’;—55& (44)
464 Riys = aySSBrexp(—ai'SSB,), (45)

465
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466  where 7 is year (¢ = 1997,...,2013). In snow crab, although there is no information on the length of
467  each instar duration in the Tohoku region, it has been assumed that five years are needed to reach instar
468  VIII in the Sea of Japan (Ueda et al. 2007), and we assumed this to be true in these equations. SSB is
469  the spawning stock biomass after a fishing season and is calculated as below:

470

AT1 5B, = (Nouc exp(—Mo) = Canmncesp (~ 2My) | Wasmn (46)

472

473 where N, ¢, and w are the estimated number, observed catch number, and mean weight of mature
474  female, respectively. ap and a; are parameters to be estimated by maximizing the log likelihood (LL)

475 function for each model, as below:

476

477 Ne = log(Rets) — log (ﬁt+5)a 47)
1

478 g = |2 X002 M7 (48)

479  LL=1lo (1‘[2013 —L_ex (— ”tz) (49)
g t=1997 oo P\" 202 )

480

481 Snow crab could have a warm and cold regime for their recruitment in the eastern Bering Sea

482  (Szuwalski and Punt 2013). Although it has not been reported surrounding Japan, we considered the

483  case that an autocorrelation existed in residuals () to express the regime of recruitment, as shown
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484  below:

485

486 N = pspMe-1 + S, (50)
487 & ~Normal(0, (1 — psp?)osr?), (51)
488 = \/% {U?:zooz + @ 223003 (nc — PSR77t—1)2}- (52)
489

490  Here, we did not estimate ao, a1, and psg simultaneously because it had been reported that estimates

491  would be unstable and bias could arise (Johnson et al. 2016). In summary, we carried out a model

492  selection using AICc (Hurvich and Tsai 1989) from the three SR relationships (i.e., ao and a1 were

493  fixed). We then estimated psr and tested whether the autocorrelation in the residuals estimated for psg

494 was zero or not.

495

496

497  Estimation of maximum sustainable yield

498  Because M and p were time-varying, we defined their values used to estimate the MSY. We prepared

499  three scenarios in M and p as 1) the mean values during 20162018, 2) mean values during 1997—

500 1999, and 3) mean values among all years. In the future prediction, the best model of the SR

501  relationship was used. To estimate the MSY, we used the below equations for F:
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502
503 Fietatese = 32223307 Fies (53)
504 Fycanai = Fratest X X, (54)
505 = ﬁ (55)
506

507  We changed x from—10to 10 by 0.01 and Fl canai Was used for the future prediction. The life expectancy

508  of snow crab in Newfoundland was reported to be 13 and 19 years old for females and males,

509  respectively (Comeau et al. 1998). Although it has not been studied in detail in Japan, snow crab life

510  expectancy was often assumed to be more than 10 years old (e.g., Shibata et al., 2019). We assumed

511  the life span of snow crab to be 15 years and simulated the future prediction as 20 times the life span

512  to obtain initial values of the population. We carried out the prediction for 400 years and the mean

513  catches between 301 and 400 years were recorded where the first 300 years were not used to delete

514  the effects of the initial values. We repeated this procedure 1,000 times and calculated a median catch

515 each x (i.e., a mean catch between 301 and 400 years was obtained 1,000 times each x and 2,001

516  medians from the mean catches were obtained). Then, we selected the Ficanai that maximized the

517 medians of catch as Fisy, and MSY and SSBumsy were also obtained. The calculation was carried out

518  using freely available statistical analysis software R (R Core Team 2019) and the Template Model

519  Builder (TMB) (Kristensen et al. 2015).
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520

521

522 Results

523 The best models of state and observation models

524 Models that had minimal AIC and BIC values are shown in Table 3. The result also showed the

525  combination of g, the variables included in a model, and values of retrospective analysis for each

526  model. The models with constant M, through time were the same as each other regardless of the two

527 information criteria. The model showed that instars VIII and IX, and instars X, XI, and XII were the

528  same groups. The models with a first-order difference of M, were the same whether the criterion was

529 AIC or BIC where instars VIII and IX, instars X and XI, and instars from XII to XIII were grouped,

530  respectively. The parameter 7, was selected in the model. The model had both the minimum AIC

531  (1,064.5) and BIC (1,254.2) among the three formulations of M,,. In the case of the model with a

532  second-order difference of M,, both AIC and BIC had the smallest values when all of the age groups

533  were combined. In contrast, although the AIC minimal model contained three parameters (6o—6-) that

534  considered hyperstability, the BIC minimal model did not. The parameter of terminal molting

535  probability § was selected as time-varying, and 7jx=1 was not different from 74— in all cases.

536 The values of ppqsr did not greatly change among models and were relatively small (Table 3). In

537  contrast, pruwe showed poor performance except for in the BIC best model with a second-order
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538  difference of M, Although the model with a first-order difference of M, had the smallest AIC and

539 BIC among the three formulations of M,;, we decided that the minimal BIC model with a second-

540  order difference of M, was the best model from the synthetic evaluation of model performance,

541  including retrospective bias and retrospective forecasting. All of the estimated parameter values of the

542 best model are shown in Table 4, and the results indicated that the estimated values were well fitted to

543  the observed values and the residuals showed normally distributed (Figure 3 and Supporting

544  Information 3)

545 Estimated time-varying M, and terminal molting probabilities from the best model were shown in

546  Figures 4 and 5, respectively. Although the time-varying M., was not so high in 1997 (M, = 0.20),

547  values increased from around 2005 to 2012. The M, kept a high value of more than 0.59. This result

548  indicated that the abundance of snow crab could not increase if the total catch was kept at quite low

549  values after the earthquake because the natural mortality also kept a high value. Terminal molting

550  probability also kept increasing from around 2005 in all instars that had terminal molts (Figure 5).

551 Although the values were 0.09, 0.19, 0.38, and 0.61 in 1997 for each instar (IX, X XI and XII), these

552 values increased to 0.21, 0.41, 0.64, and 0.82 in 2017. This indicated that the terminal molting

553  probabilities increased 2.46-, 2.10-, 1.67-, and 1.34-fold, respectively from 1997 to 2018. This also

554  showed that the decreasing abundance was caused by both the high natural mortality and terminal molt

555  probability. The estimated abundance and SSB were shown in Figures 6 and 7, respectively. Both
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556  results showed that estimated values kept decreasing after 2008 prior to the earthquake when estimated

557  fishing mortalities were kept quite low (F = 0.04 for immature male in 2016 was the maximum) after

558 2011 (Figure 8).

559

560  Sensitivity analysis of CV

561 The result showed that the M., did not change greatly even if CV was multiplied by 1.5 (Figure 9).

562  The ppasr and prinre changed by this multiplication from 1.2% to —1.8% and from 3.1% to —6.1%,

563  respectively (see also Table 3). This result showed that the estimates and predicted values were robust

564  against the CVs of the number of snow crabs observed by the scientific bottom trawl survey.

565

566 Estimated MSY

567 The HS model had the minimal AICc because the calculated AICc values were 29.9, 32.21, and 32.0

568  for the HS, BH, and RI SR models, respectively. The SR relationship estimated by the HS model and

569  estimated psg are shown in Figure 10a and 10b, respectively. Although the number of instar VIII crabs

570  asrecruits decreased since 2015 (Figure 10a), the timing of the decrease was different from that of the

571 abundance (Figure 2). Because the estimated coefficient of autocorrelation was significantly different

572 from zero if the lag was one year (Figure 10b), we used the HS model with autocorrelation in the

573  residuals for future predictions to estimate MSY's based on the three scenarios. Here, the estimated
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574  MSY and SSBwmsy are shown in Table 5. Although scenario 1 showed that the MSY and SSBmsy were

575  quite high values that had not been experienced in the historical catch (Figure 2) and estimated SSB

576  (Figure 7), both MSY and SSBwmsy in scenario 2 were almost zero because the abundance was also

577  almost zero. In scenario 3, the MSY was low compared to the observed historical catch, although the

578  estimated SSBmsy was near to that of the median value from 1997 to 2018 (185.8 gross ton).

579

580

581 Discussion

582 In this study, we showed that the natural mortality coefficient M and the terminal molting probability

583  p of snow crab in the Tohoku region have increased since 1997. In their stock assessments, it was

584  assumed that M = 0.35 for individuals that have not experienced a terminal molt and for those that

585  have experienced a terminal molt within one year, and M = 0.2 for those that have undergone a terminal

586  molt two or more years ago (Shibata et al., 2019). In contrast, regardless of the time elapsed since the

587  terminal molt, it has been found in this study that M was around 0.59 as of 2018. This means that

588  previous stock assessments overestimated future survival. Indeed, it had been expected that abundance

589  would increase since 2011 because of the rapid decline in total catch (Shibata et al., 2019), although

590  the abundance has maintained a declining trend (Figure 6) despite F' being nearly zero (Figure 8).

591  Since F has been nearly zero and the scientific bottom trawl survey covered the whole habitat of snow
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592  crab off Tohoku, the result of this estimation is naturally that M and the p have increased.

593 One potential cause for the increase of M could be an increased bottom water temperature (BWT).

594  The BWT data were not used in this model since the periods of the surveys were different from those

595  of BWT and we were interested in time-varying parameters thorough the bottom trawl survey period.

596  In contrast, it was suggested that the mean BWT in the Tohoku region was on an upward trend (Figure

597 11) and a method to draw Figure 11 is shown in Supporting Information 3. An aquarium study

598  indicated that the energy consumed inside the crab exceeds the energy absorbed from outside at a

599  water temperature of 7 °C; therefore it would be energetically impossible for the crab to live

600  persistently in this water temperature range (Foyle et al. 1989). In other words, the increased BWT off

601  Tohoku could be one reason for the increase in M. Although the main fishing ground for snow crab

602  has been concentrated in the area from the Miyagi to Ibaraki prefectures (Nemoto 2007), the area of

603  unsuitable environment for survival in the major distribution area of snow crab could have expanded

604  (Figure 11). In contrast, since the trends of BWT and M do not completely match, it seems that factors

605  other than the BWT are affecting M.

606 Another possible reason for the increase in M is predation pressure. It has been known that predation

607  pressure by Atlantic cod (Gadus morphua) affects the abundance of snow crab (Chabot et al. 2008).

608  In the Tohoku region, the abundance of Pacific cod (Gadus macrocephalus) had increased rapidly

609  since fishing pressure was decreased by the earthquake (Narimatsu et al. 2017) and snow crab have
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610 been observed in their stomach contents; therefore, this may have affected the abundance of snow crab

611  (Ito et al. 2014). In contrast, the estimated natural mortality coefficient M was the same for all age

612  groups in this study. M should differ between small and large snow crabs if the predation pressure by

613  Pacific cod affects the rise in M. In fact, it has been reported that snow crabs larger than 65.1 mm

614  rarely appear in the stomach of Atlantic cod (Chabot et al. 2008). The abundance of Pacific cod peaked

615  in 2015 and started to decrease (Narimatsu et al. 2019); however, that of instar VIII snow crab has not

616  turned to an increasing trend, but rather decreased (Figure 10a). This indicates that the predation

617  pressure of Pacific cods is not a main reason for the increase in M of all instars.

618 Not only the natural mortality M, but also the terminal molting probability p, had increased. It has

619  been reported that the terminal molting probability of snow crab off Miyagi and Fukushima prefectures

620  were higher than that off Ibaraki Prefecture; this might be due to the fact that large individuals were

621 selectively caught under high fishing pressure, resulting in genetically smaller maturity size (Takasaki

622  and Tomiyama 2017). In contrast, this study showed that p has been on an upward trend even after

623 2011, when F decreased rapidly because of the earthquake. This therefore suggested that the terminal

624  molting probability would not fluctuate only by fishing mortality. One hypothesis is that recent

625  increases in BWT may affect p. Although several studies have reported a positive correlation between

626 water temperature and size-at-terminal molt (Somerton 1981; Alunno-Bruscia and Sainte-Marie 1998;

627 Zheng et al. 2001; Orensanz et al. 2007; Burmeister and Sainte-Marie 2010; Dawe et al. 2012;
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628  Yamamoto et al. 2015); however, the Tohoku region has higher water temperatures than any previous

629  studies (Figure 11). It will be necessary to examine the size-at-terminal molt in relatively high-water

630  temperatures through an aquarium experiment.

631 Our study revealed that the value of MSY apparently changed when the values of M and the terminal

632  molting probability changed in three scenarios (Table 5). This suggests that the MSY as an ecosystem

633  service varies greatly with time, and that fishing pressure needs to be reduced to almost zero when M

634  and p are high. It has been reported that snow crab could have a warm and cold regime for recruitment

635  in the eastern Bering Sea and show drastic stock fluctuation (Szuwalski and Punt 2012, 2013). This

636  study revealed, even in the Tohoku region, the possibility of dynamic stock fluctuations regardless of

637  changes in fishing pressure, because M and terminal molting probability varied with time. Although

638  recruits were decreased since 2015 (Figure 10a), this was not the main reason for decreased abundance

639  (Figure 2) because instar VIII as recruits needed at least three more years to be fishable (i.e., instar

640  XI). In other words, the decreased trend in abundance since 2012 was not caused by the decreased

641  recruits since 2015, but by M and p. Although the catch of snow crab has been limited because bottom

642  trawlers in Fukushima prefecture voluntarily decreased the effort of fishing, the effort should not

643  increase in the future if M and p maintain high values.

644 Because the study design allowed for the estimation of M and p, we could show that ecosystem

645  services can vary with time. Although changes in production due to global warming have been pointed
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646  out around the world (Free et al. 2019), it could affect biological parameters, such as M and p. There

647  could be many species other than snow crab whose biological parameters vary with the environment

648  in the seas around Japan, but there are few examples where the biological parameters have been

649  actually estimated. Japan is currently moving to a new stock management targeting MSY, but it is

650  commonly assumed that the value of M has mainly been based on empirically derived equations and

651  does not change over time (Tanaka 1960). For species that are likely to be highly affected by the

652  environment, scientific survey designs to estimate abundance should be prepared to allow the

653  estimation of the parameters and capture of the temporal changes.

654 One of the features of JASAM is that it estimates parameters for population dynamics using the

655  annual abundance observed independently of fisheries. It is conceivable that the parameters will have

656 other specifications, such as an RW with a multivariate normal distribution, as in the case of F, and a

657  step function. It is also possible to change the state model for snow crab to another age-structured

658  model so that it can be applied to species other than snow crab. However, if the estimated abundance

659  does not reflect the entire distribution area of the target species, M can be confounded with migration

660 rates to adjacent sea areas. In this case, it may be necessary to assume the rates of migration to the off-

661 site area separately, or to design a survey (e.g., estimation of abundance in the adjacent sea areas) that

662  can estimate the rates of migration.

663
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Figure captions

Fig. 1

Stations surveyed by the R/V Wakataka-maru since 1997 (black circles, 150 stations). The survey area

covered off Aomori, Iwate, Miyagi, Fukushima, and Ibaraki prefectures from 150 to 900 m depth.

Contours drawn by 100 m depth.

Fig. 2

Total catch (metric ton, bar graph), estimated abundance (metric ton) by a swept area method from

survey data of the R/V Wakataka-maru (black circles) and effort of bottom trawl vessels (number of

hauls, white triangles). Total catch was distinguished between that of Fukushima (gray) and other

prefectures (dark gray). Effort value in 2018 was under calculation.

Fig. 3

Relationship between observed and estimated values and histograms of residuals for the number of

snow crabs (a, b) and catch (c, d) of the best model.

Fig. 4
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826  Estimated M, of the best model with a 95% confidential interval (break lines).

827

828  Fig.5

829  Estimated p,: of the best model with their 95% confidential intervals (break lines). The symbols

830  indicate those of instars IX (white circles), X (black circles), XI (white triangles), and XII (black

831  triangles).

832

833  Fig. 6

834  Estimated abundance of the best model with 95% confidential interval (break lines). The two

835 horizontal dashed lines show the minimum and maximum estimates before 2011.

836

837  Fig.7

838  Estimated SSB after a fishing season of the best model with a 95% confidential interval (break lines).

839 The horizontal dashed line shows the minimum estimates before 2011.

840

841 Fig. 8

842 Estimated fishing mortalities of the best model by immature male (black squares), mature male (black

843  triangles), and mature female (white circles).
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844

845  Fig.9

846  Estimated M, (a) and calculated ppas (b) and pfimre (¢) after CV in eq. (32) was multiplied by 1.5. The

847  black and white circles in Fig. 9(a) show values before and after the multiplication, respectively.

848

849  Fig. 10

850  Estimation of the best SR relationship (a) and autocorrelation of their residuals (b) with 95%

851  confidential intervals (break lines).

852

853  Fig. 11

854  Estimated mean bottom water temperatures (BWT, °C) from January to December (i.e., 12 months) at

855  depths 300400 m (a) and 400-500 m (b). Mean from November to December (i.e., two months) was

856  also calculated for each depth range (¢ and d) because the period was the warmest off Ibaraki prefecture

857  (the southern limit of snow crab distribution in the Tohoku region).

858

859

860
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Table captions

Table 1

Relationships among carapace width, instar, terminal molting, and sex that decide if the crab is fishable

or not.

Table 2

Combination of all variables/types of difference for model selection.

Table 3

Results of the model selection and retrospective analysis. The column M showed three types of Mg,

(constant, first-order, or second-order difference). M, was same if the numbers expressed in columns

from VIII to XIII were the same. If the cell showed “In”, that indicated that the variable was selected

in the model by information criteria, and “-” showed that it was not selected. f was selected as p was

cct’s

time-varying (indicated as “”) in all cases.

Table 4

Estimated parameter values and their standard errors by the best second-order difference model.
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879

880 Table 5

881 Estimated MSY and SSBwmsy for each scenario with their M values.

882

883

884

885
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914 Table 1
Sex Instar categories in population model CW intervals Terminally molted Fishable
VI 24 - 42 No No
IX 42 - 56 No No
X with not TM 56 - 74 No No
X with TM 56 - 74 Yes No
XI with not TM and not fishable 74 - 80 No No
XI with TM and not fishable 74 - 80 Yes No
Male XI with not TM and fishable 80 - 86 No Yes
X! with TM and fishable 80 - 86 Yes Yes
XII with not TM 86 - 98 No Yes
X1 with TM 86 - 98 Yes Yes
X1 with not TM 98 - No Yes
X1 with TM 98 - 110 Yes Yes
XIV with TM 110- Yes Yes
VI 24 - 42 No No
IX 42 - 56 No No
Female )
X with not TM 56 - 74 No No
915 XI with TM and fishable - Yes Yes
916
917
918
919

920
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921 Table 2

Variables/Types of difference  Number of combinations Equation number

Mg 32 Supporting Information 2
Types of M ot 3 (1) and (2)
Twmg 2 (29) and (30)
¢ 2 ©)
T, 2 (8)
Tpk S (8)
Bo 2 (20) and (11)
0 2 (32)

999 Total 15,360

923

924

925

926

927

928
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929

930

931

932

933

934

935

936

Table 3
M Criterion  VIII IX XI XL X T, T 0 AICBIC ppast  puture
AIC 1147.3
Const. BIC 0 0 1 1 2 - - In 1345.2 -5.6 -8.5
. AIC 1064.5
First BIC 0 0 1 2 2 - In In 19542 0.2 66.3
AlIC 0 0 0 O 0 - - In 1118.2 -125 -43.3
Second
BIC 0 0 0 O 0 - - - 13114 1.2 31
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937  Table 4
Parameters Estimates Std.error  Either male or female
In((e" v=1)?) -0.170  0.239 male
(6" ¢=2)?) -1.349 0.367 male
(6" ¢=3)%) -1.491 0725 female
T, v 0.660 0.368 male
T, 2 1.829 0.474 male
T, s 2104 0750 female
EQy-1 -5.020 0.948 male
EQy-, -5.996 0.396 male
EQy-=3 -5.540 0.403 female
(o q) 2998 0771 both
IN(z% 4= 11,4=0) -0.994  0.467 male
IN(z% 4z 11 4=1) -0.934  0.220 male
IN(2? 4= 12,4=0) -0.787  0.329 male
IN(z% 4= 12,4=1) -1.076  0.209 male
IN(z? 4= 13,4=0) -0.221 0.210 male
IN(r? o 13,0-1) 1100 0.231 male
IN(t? 4= 14 4=1) -0.332  0.166 male
IN(z? 4= 11 4=1) -1.299 0372 female
IN(N 420,y =0,t =1097) 6.969 0.243 male
IN(N 4210,u=0,t =1997) 6.335 0.243 male
IN(N 4210,u=1,t=1997) 4.916 0.561 male
IN(N 4211,4=0t=1997, 74-80) 5.352 0.352 male
IN(N 5211, =1,t =1997,74-80) 4.450 0.466 male
IN(N 22111 =0,t=1997,80-86) 5.023 0.350 male
IN(N =11 y=1(-106780.05)  5.410 0.278 male
IN(N 4212,4=0t=1097) 4.714 0.342 male
IN(N 5 =15 4 =1 ¢=1967) 5.318 0.274 male
IN(N 4 213,4=0,t =1097) 3.308 0.586 male
IN(N 4213,4=1.t=1097) 5.525 0.245 male
IN(N 4214,y =1t =1997) 4,937 0.300 male
IN(N 429,y =0,t =1097) 6.794 0.461 female
IN(N 4210,u=0,t =1997) 7.613 0.492 female
IN(N 421140t =1097) 8.295 0.345 female
In(8,) -0.060 0.060 both
In(o0) -1.596 0.677 both
T, k=1 3.029 0.678 both
T,k=3 -1.179 0.312 both
T, -0.149  0.104 both
IN(6? ec) -1.085  0.203 both
Lo -0.803 0.089 both
938 In(s?,,) -1.138  0.299 both

939
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940 Table 5

Scenario MSY SSBmsy M
1 598 331 021
2 <10® <10® 059
3 29 188  0.43

941

942

943

944

945

946
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947  Supporting Information 1

948  Correction of CVs using Taylor's power law

949

950 In a swept area method, the mean and standard error are equal when there is a sample at only one

951 station and no samples are obtained at other stations. The situation is simply shown in R code as below:

952

953  >x<-¢(5,0,0,0,0,0)

954 > mean(x)

955  [1]0.8333333

956 > sd(x)/sqrt((length(x)))

957  [1]0.8333333

958

959  Although the coefficient of variation (CV) was calculated as one in this case, the value could be higher

960  than expected. We used the CVs corrected by Taylor’s power law (Taylor 1961) as the below regression

961 model:
962
963 In(sZuc) = a0 + @y X In(ngy,e), (Al)

964
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965 where 7 is the observed number of snow crabs, s is their standard error, and the subscripts a, u, and ¢

966  show the same as in the article. The estimates were &,= 0.828 (SE = 0.464), &; = 1.772 (SE =

30

201

967  0.035), adjusted R? = 0.88 and the CVs were corrected using eq. Al (Fig. A1). There was no change

968 in the best model before and after the correction.

969  Figure Al. The relationship between In(n) and In(s?) (black circle). Red triangles show the corrected

970 standard errors using eq. Al.

971

972 References
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975  Supporting Information 2

976  Combinations of age groups

977  All the 32 combinations of age groups. If the numbers are the same in a combination, those instars

978  (a=8,...,13) are included in the same age group. Mg equals Ma in the last combination (i.e., all the

979  instars take a different M).

w
[N

g
a/comb. v IX X XI XIl Xin

1 0 0 0 0 0 0
2 0 0 0 0 0 1
3 0 0 0 0 1 1
4 0 0 0 1 1 1
5 0 0 1 1 1 1
6 0 1 1 1 1 1
7 0 0 0 0 1 2
8 0 0 0 1 1 2
9 0 0 1 1 1 2
10 0 1 1 1 1 2
11 0 0 0 1 2 2
12 0 0 1 1 2 2
13 0 1 1 1 2 2
14 0 0 1 2 2 2
15 0 1 1 2 2 2
16 0 1 2 2 2 2
17 0 0 0 1 2 3
18 0 0 1 1 2 3
19 0 1 1 1 2 3
20 0 0 1 2 2 3
21 0 1 1 2 2 3
22 0 1 2 2 2 3
23 0 0 1 2 3 3
24 0 1 1 2 3 3
25 0 1 2 2 3 3
26 0 1 2 3 3 3
27 0 0 1 2 3 4
28 0 1 1 2 3 4
29 0 1 2 2 3 4
30 0 1 2 3 3 4

0 1 2 3 4 4

0 1 2 3 4 5

w
N
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980  Supporting Information 3

981  Result of fittings for observation
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986  Supporting Information 4

987  Estimated bottom water temperatures

988

989  Water temperatures at the maximum observed depth in the Tohoku region were extracted from the

990  conductivity, temperature, and depth (CTD) data obtained by prefectural fisheries experimental

991 stations and Fisheries Research and Education Agency in Japan. Then, we adopted bottom water

992  temperatures using the observed depth of water temperatures as follows: when the depth of the station

993  was < 100 m, the temperatures of which the observed depth was within 10 m from the seabed were

994  adopted. Temperatures of which the observed depth was within 10% of the bottom depth of the seabed

995  were adopted when the depth of the station was > 100 m. The obtained bottom water temperatures

996  were interpolated to monthly gridded data of 5 x 5 min meshes weighed by time, distance, and depth

997  using a flexible Gaussian filter (Shimizu and Ito 1996).

998
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