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We assessed 12 marine fish species in the Northwestern Pacific exploited by Japanese
fisheries, using published catch time series, CPUE data and the CMSY and BSM
methods. The results showed that one stock was severely depleted, three stocks
were outside of safe biological limits, three stocks were fully/overfished, three stocks
were recovering, while the other two stocks were in good condition. These results
match those of previous research on the status of fish species in the Northwestern
Pacific, where overfishing is becoming increasingly apparent. We used the CMSY/BSM
assessments as a basis for suggestions to assist in the management and rebuilding of
fishery resources in this area.

Keywords: east coast of Japan, overfishing, stock assessment, CMSY/BSM methods, data-sparse stock

INTRODUCTION

Concern about overfishing is a global issue, but the successful management of well-assessed fisheries
has effectively reduced the impact of fishing in developed regions and countries such as Europe
and the United States, respectively (Hilborn and Ovando, 2014; Froese et al., 2018). However, for
other regions, e.g., in East Asia, not enough is known about the status of fisheries, which hinders
predictions on the future sustainability of global fisheries (Ichinokawa et al., 2017).

Japan is one of the most important fishing countries in the world, with the fifth largest
catch; according to the Food and Agriculture Organization (FAO), Japan accounts for 5%
of the world marine catch (FAO, 2016). In 1997, the Japanese Fisheries Agency introduced
fisheries management, combining total allowable catch (TAC) with traditional effort limitations
(Makino, 2011). Every year since 1998, the Fisheries Research Agency of Japan (FRA) has
been assessing 84 stocks of 52 important fish species, including the species studied here, i.e.,
Clidoderma asperrimum, Engraulis japonicus, Etrumeus teres, Theragra chalcogramma, Glossanodon
semifasciatus, Laemonema longipes, Lophius litulon, Sardinops melanostictus, Scomber australasicus,
Sebastolobus macrochir, Tanakius kitaharae, and Trachurus japonicus (Ichinokawa et al., 2017).
Thus, the data used in our research are considered reliable and the evaluation results can be
compared with their reports.

Catch-MSY was proposed as a new method to estimate the maximum sustainable yield (MSY)
and related indicators (notably carrying capacity k, and intrinsic rate of population growth r, or
‘resilience’) using only catch data and a Monte-Carlo approach (Martell and Froese, 2013). Froese
etal. (2017) improved on this method, now called CMSY, to address its shortcomings, including the
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selection of the optimal combination of r and k, and the provision
of default priors for relative stock size at the first and end year
of the catch data time series. It also addressed the issue of
‘depensation’ i.e., the reduction of r that often occurs at very
low stock sizes, and added a routine for a Bayesian state-space
implementation of the Schaefer model (BSM), which allowed
incorporating time series of relative biomass (e.g., CPUE data)
into the analyses to reduce the uncertainty of the estimates of
MSY and related statistics.

In this study we applied the CMSY and BSM methods (Froese
etal.,, 2017) to 12 species caught by Japanese fishing vessels in the
northwestern Pacific, to assess the status of their fisheries.

MATERIALS AND METHODS

Data Sources

The data source and main sources of available information on the
12 fish stocks investigated here are summarized in Table 1. The
data were released by the Fisheries Agency of Japan in 2018".

Declaration Statement

Our manuscript was based on survey cruise data, and no live
vertebrates or higher invertebrates were involved; thus we believe
that an ethical review process was not required for our study.

General Description of the CMSY and

BSM Methods

The CMSY catch-only approach, applying advanced Monte-
Carlo filtering, can be used to produce proxies for MSY,
biomass that can produce MSY (Bysy), fishing pressure that can
produce MSY (Fysy). Also, CMSY estimates biomass and related
fishery reference points such as relative stock size (B/Bsy) and
exploitation (F/Fysy), based on a catch time series and a measure
of the productivity or ‘resilience’ of the species. Furthermore, a
Bayesian state-space Schaefer surplus production model (BSM)
is included in the CMSY software and produces refined stock
status estimates, which requires catch and effort or an index of
biomass or relative abundance (e.g., catch per unit of effort) as
input (Froese et al., 2017, 2018).

It is the goal for CMSY to combine information on the stock’s
productivity and exploitation history with data from surveys
and official catch reports. CMSY can also account for gaps (or
absence) in abundance information, which is the main advantage
compared to other models (Froese et al., 2018).

A time series of catch can be regarded as the product of the
available biomass times its productivity; thus, if two of the three
variables are known (that is, catch, biomass and productivity)
the third variable can be estimated (Froese et al., 2017). Given
a prior range of unexploited biomass (assumed to represent
carrying capacity, or k) and a prior range of r, the CMSY method
uses Monte-Carlo approach to detect viable or ‘feasible’ r-k
pairs. A pair of r-k values is considered ‘feasible’ if the biomass
trajectory that can be computed from it is compatible with the
observed catch time series, if the predicted biomasses do not

Thttps://www.jfa.maff.go.jp/e/index.html

become negative and remain compatible with the prior estimates
of the relative biomass range at the beginning and end of the
respective time series. Under these conditions, a feasible set of
r-k pairs would normally generate a relatively small triangular
cloud in log space, from which a single r-k pair can be selected as
optimal (Froese et al., 2017). For validation, the predictions of the
CMSY method were compared with simulated data with known
parameters and biomass data (Froese et al., 2017).

Here, we give the basic equations on the CMSY
approach, while further details on the CMSY estimation
framework and concepts are given in the detailed CMSY
documentation by Froese et al. (2017).

The basic biomass dynamics are described by Equation (1):

Bt+l :Bt—i—r(l —Bt/k)Bt—C[ (1)

where By is the exploited biomass in the subsequent year t + 1,
By is the current biomass, r is the intrinsic rate of population
increase, k is the carrying capacity (assumed equivalent to the
unexploited population size) and C; is the catch in year .

When the biomass of a stock is severely depleted, and falls
below 0.25 k, Equation (1) is changed to Equation (2):

Biy1 = By + (4rB,/k)(1 — B;/k)B; — Ci|B;/k < 0.25 (2)

where the term 4B;/k assumes a linear decline of recruitment at
less than half of the biomass capable of producing MSY.

Determining the Boundaries of the r-k
Space

To determine priors r for the 12 species being evaluated, the
resilience levels provided by FishBase (Froese and Pauly, 2019)
were converted to r-ranges (Table 2).

The prior ranges of k were then estimated based on three
hypotheses: (1) the size of the unexploited population k is greater
than the maximum catch in the time series, thus the lower limit of
k is determined by this maximum catch; (2) MSY is expressed as
a fraction of the available biomass, and the size of this fraction
depends on the productivity of the population. Thus, dividing
the maximum catch by the upper and lower limits of r should
provide reasonable limits for the upper and lower values of k; (3)
the maximum catch will constitute a greater proportion of k in
severely depleted stocks than in stocks that are lightly depleted.

These considerations are summarized in Equations (3) and
(4). Given known values of k, the appropriate range of
the catch/productivity ratio was empirically determined using
simulation data (Froese et al., 2017).

Kigw = max(c)/rhigh; khigh = 4max(C) /11 (3)

where kjy,, and kpgy are the lower and upper bounds of the prior
range of k, max(C) is the maximum catch in the time series, and
Tlow and 7pgy are the lower and upper boundaries of the range of
r values that the CMSY method will explore.

Kiow = 2max(C)/Tnign; Knigh = 12max(C)/71oy (4)

where the variables and parameters are defined as in Equation (3)
(Froese et al., 2017).
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TABLE 1 | Summary of data available for the stock assessments presented here.

Scientific name (Common name) Region Catch Additional data Method
Clidoderma asperrimum (roughscale sole) Northeast Japan Sea 1972-2017 CPUE (1972-2017) BSM and CMSY
Engraulis japonicus (Japanese anchovy) East coast of Japan 1989-2017 SSB (1989-2017) BSM and CMSY
Etrumeus teres (Pacific round herring) Southeast Japan Sea 1985-2017 SSB (1985-2017) BSM and CMSY
Gadus chalcogrammus (walleye epollock) Northeast Japan Sea 1981-2017 SSB (1981-2017) BSM and CMSY
Glossanodon semifasciatus (deep-sea smelt) East coast of Japan 1980-2016 CPUE (1980-2016) BSM and CMSY
Laemonema longipes (longfin codling) Northeast Japan Sea 1989-2017 None CMSY

Lophius litulon (yellow goosefish) East coast of Japan 1991-2017 CPUE (1991-2017) BSM and CMSY
Sardinops melanostictus (South American pilchard) East coast of Japan 1975-2017 CPUE (1975-2017) BSM and CMSY
Scomber australasicus (blue mackerel) East coast of Japan 1982-2017 SSB (1982-2017) BSM and CMSY
Sebastolobus macrochir (broadbanded thornyhead) Northeast Japan Sea 1972-2017 CPUE (1972-2017) BSM and CMSY
Tanakius kitaharae (willowy flounder) East coast of Japan 1973-2017 None CMSY
Trachurus japonicus (Japanese jack mackerel) East coast of Japan 1982-2017 CPUE (1982-2017) BSM and CMSY

All data originated from Catch and CPUE from Fisheries Agency of Japan.

TABLE 2 | Ranges suggested by FishBase (Froese and Pauly, 2019) for
population growth rate (year—1).

Resilience (r) Prior r range Range assumed for the

stocks in Table 1

High 0.6-1.5 E. japonicus;

G. semifasciatus

Medium 0.2-0.8 C. asperrimum; E. teres;
S. melanostictus;

S. australasicus;

T. japonicus

Low 0.05-0.5 G. chalcogrammus;

L. longipes; L. litulon;

S. macrochir; T. kitaharae

Very low 0.015-01 —

Setting Prior Biomass Ranges
To provide a prior estimate of relative biomass at the beginning
and end of the time series and for the (optional) intermediate
years, several possible biomass ranges were selected, based on the
assumed depletion level; see Tables 3, 4 and Froese et al. (2017).

Table 3 presents the recommended Byq+/k range for the 12
stocks evaluated. Studies have shown that global fishing efforts,
expressed in terms of total engine power and the number of
catch days (kilowatt days) in a year, remained roughly unchanged
from 1950 to 1970 and then steadily increased to the present
(Anticamara et al., 2011).

Thus, we set Byi/k of C. asperrimum (Hattori et al., 2008),
G. chalcogramma (Nishimura et al., 2002), G. semifasciatus
(Nashida et al., 2007), and S. australasicus (Fisheries Agency of
Japan, 2018) as low (Bsare/k = 0.4-0.8), and E. japonicus (Wada,
1997), E. teres (Nyuji and Takasuka, 2017), L. longipes (Fisheries
Agency of Japan, 2018), L. litulon (Fisheries Agency of Japan,
2018), S. melanostictus (Watanabe et al., 1995), S. macrochir
(Noranarttragoon et al., 2011), and T. japonicus (Fisheries
Agency of Japan, 2018) as very low (Bsgri/k = 0.6-1).

The Byari/k for T. kitaharae was set at medium depletion (0.2-
0.6; Table 3) to force its biomass at the start of the assessment
period to be ‘medium’ (Fisheries Agency of Japan, 2018).

TABLE 3 | Suggested fractions Bstar/k for the period before catch data became
available*.

Depletion Suggested prior Range assumed for the
stocks in Table 1
Very low 0.6-1 E. japonicus; E. teres;
L. longipes; L. litulon;
S. melanostictus;
S. macrochir; T. japonicus
Low 0.4-0.8 C. opilio; C. asperrimum;
G. semifasciatus;
G. chalcogrammus;
P, olivaceus;
S. australasicus;
Medium 0.2-0.6 T. kitaharae
Strong 0.01-0.4 —
Very strong 0.01-0.2 —

*See Supplementary Material to Froese et al. (2017).

TABLE 4 | Suggested ranges of the fraction Bgng/k for the period prior to catches
being available*.

Assumed level of final
depletion for the stocks
in Table 1

Depletion Suggestion

Low 0.4-0.8 —

Medium 0.2-0.6 E. teres; L. longipes;
G. chalcogrammus;
T. kitaharae; L. litulon;

S. macrochir

Strong 0.01-0.4 G. semifasciatus;
S. melanostictus;
S. australasicus;
T. japonicus

0.01-0.2

Very strong C. asperrimum;

E. japonicus

*See Supplementary Material to Froese et al. (2017).

Table 4 presents the recommended B, /k range for the 12
stocks evaluated. Considering the results in published research
papers for each of the species, we chose a ‘very strong
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depletion at the end of the time series (i.e., B,,4/k = 0.01-
0.2), for C. asperrimum (Hattori et al., 2008) and E. japonicus
(Fisheries Agency of Japan, 2018). For the other species, we
found sources suggesting ‘strong’ depletions (B,,;/k = 0.01-
0.4): G. semifasciatus (Nashida et al., 2007), S. melanostictus
(Fisheries Agency of Japan, 2018), S. australasicus (Fisheries
Agency of Japan, 2018), and T. japonicus (Fisheries Agency of
Japan, 2018) (Table 4).

RESULTS

All 12 stocks were analyzed using the CMSY method. The BSM
method was applied to 10 stocks with CPUE data (Table 1).

The blue mackerel (Scomber australasicus) is a widely
distributed and commercially exploited species in Japanese

coastal waters and we used it to illustrate the CMSY and BSM
outputs (Figure 1). The results of the other species are presented
in Supplementary Materials.

Figures 2, 3 visually summarize our results regarding the
development of relative biomass, while Tables 5, 6 provide
numerical information.

The figures of relative biomass (B/Bysy) clearly show that, in
this area, 4 species were severely depleted and/or outside of safe
biological limits in the last years with available data (2016-2017)
(Figures 2, 3). The figures of fishing pressure (F/Fy) clearly
present that 5 species were overexploited in the last years with
available data (2016-2017) (Figures 4, 5).

The fishing pressure (F/Fsy) — stock state (B/Bjysy) plot clearly
shows that, in the northwest Pacific, more than half of the species
assessed are overexploited and/or outside of safe biological limits
in the last years with available data (2016-2017) (Figure 6).

-
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FIGURE 1 | Results of the CMSY and BSM analyses for the blue mackerel (Scomber australasicus) in the Northwestern Pacific (east coastal of Japan). (A) feasible
r—k pairs found by CMSY (gray points) and BSM methods (black points). The optimal r-k pair estimated by CMSY and its approximate 95% confidence interval (Cl)
are represented by a gray cross, and the optimal r-k pair estimated by BSM and its approximate Cl are represented by a black cross. In this example the estimates
of the two methods are similar, which suggests that the results are reliable; (B) biomass trajectory estimated by CMSY (black line) and available abundance data
scaled to the BSM estimate of k (gray line), along with the 2.5th and 97.5th percentiles. The vertical lines show the prior ranges for relative biomass. The dashed
horizontal line indicates Bmsy = 0.5 k, while the dotted horizontal line indicates half Bysy, as the limit below which recruitment may be impaired; (C) catches relative to
the BSM estimate of MSY and its CI; (D) estimated relative biomass trajectory (B/Bpsy), with the gray area indicating uncertainty.
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BSM for 10 stocks with CPUE data.

Thus, stocks of the 12 species can be defined according to
the B/Byusy of the last year of a time series (Table 5). Table 6
summarizes , k, MSY, F/Fy,5, and relative biomass, and provides
estimates for the 12 species, as obtained by the CMSY and/or
the BSM methods. Among the 12 stocks, 5 (42%) were subject
to ongoing overfishing (F/Fyu,5 > 1) and 4 stocks (33%) were
outside of safe biological limits (B/Bs < 0.5) or severely
depleted (B/Byusy < 0.2) (Table 6). Three stocks (25%) were in

critical condition, defined by being outside of safe biological
limits. Altogether, 7 stocks (58%) were subject to unsustainable
exploitation (F/Fyusy > 1 or B/Byg < 0.2). In contrast, only 4
stocks (33%) could be considered as being well managed and in
good condition according to the analysis, i.e., recovering or being
healthy and having a biomass above the one that can produce
MSY (Table 6).

DISCUSSION

The results of our application of the CMSY and BSM methods
to 12 fish species caught by Japanese fishing vessels in the
northwestern Pacific are discussed below.

Roughscale Sole (C. asperrimum)

Roughscale sole (C. asperrimum), of the family Pleuronectidae,
has a wide range in the northern Pacific, from China, Japan and
the Kuril Islands to Canada and California, where the seabed is
muddy and sandy (Tokranov and Orlov, 2003; see also Froese
and Pauly, 2019). This species is important commercially to the
offshore trawl fishery off northeastern Japan. Although trawling
catches off the northeastern coast peaked at 6,329 tonnes in 1978
(Hattori et al., 2008), they declined sharply in 1990-2000 and
catches were below 300 tonnes in 2010. Since 2003, fisheries
managers in northeastern Japan have implemented a large-scale
restoration program for benthic fish stocks, mainly through
the protection of spawning populations via the designation
of fisheries restricted areas for a certain period of time (Abe
et al., 2013). The estimate of B,,;/k = 0.1 indicated that the
resource status of this species was highly depleted in 2017, while
B/Bysy = 0.2 indicated that this species was severely depleted.
The relative biomass reached its peak in 1978 and then declined
sharply (Figure 2A), consistent with the results of Abe et al.
(2013). There are only a few papers on the assessment of the
roughscale sole at present (Abe et al., 2013), although they mainly
focus on morphological and habitat characteristics. Thus, it is
important to use CMSY and BSM, aiming to assess the current
stock status and exploitation level and provide theoretical basis
for fishery managers.

Japanese Anchovy (E. japonicus)

Japanese anchovy is mainly distributed in the western Pacific,
including the south Sakhalin Islands, the Sea of Japan and the
Pacific coast of Japan, and south to Guangdong and Taiwan
(Froese and Pauly, 2019). Japanese anchovy is one of the most
important fish species in Japan. It is thought to consist of three
major stocks: (i) Pacific fish found mainly along the southern
Pacific coast of Honshu and Shikoku; (ii) in the Tsushima Warm
Current, mainly in the Sea of Japan and the East China Sea; and
(iii) in the Seto Inland Sea (Zenitani and Kimura, 2007). Here, we
considered Japanese anchovy is the first stock. Japanese anchovy
began to be fished in the late 1980s. In 1989, the annual landings
of the species amounted to 40,000 tonnes, and in 1995 they
increased dramatically to 489,000 tonnes (Wada, 1997). In our
research, the estimate B, /k = 0.09 suggested that the resource
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TABLE 5 | Definition of fish stock status, based on B/Bms, and F/Fpsy in the final
year of a time series*.

B/Bmsy F/Fmsy Stock status

>1 <1 Healthy stocks

0.5-1 <1 Recovering stocks

0.5-1 >1 Fully/overfished stocks

0.2-0.5 >1 Stocks outside of safe biological limits
<0.2 >1 Severely depleted stocks

*From Froese et al. (2016) and Froese et al. (2018), see also Garcia et al. (2018).

status of this species was strongly depleted in 2017, while the
B/Bysy = 0.18 indicated that the stock is grossly overfished. The
relative biomass of Japanese anchovy was on a declining trend
from 1989 to 2017 (Figure 2B) and, even though the resilience
of the species is relatively high, its biomass remained at an
extremely low level owing to overfishing. Our results are in line
with those of a report released by the fisheries agency in 2018
(Fisheries Agency of Japan, 2018). Yatsu (2019) reported the stock
assessment of Japanese anchovy with data from 1905 to 2015 in

the northwestern Pacific, suggesting that it is overfished, which is
consistent with our result (Table 7).

Pacific Round Herring (E. teres)

The taxonomic status of Pacific round herring, here referred to
as ‘Etrumeus teres’ is currently unsettled, as it appears that the
previously wide-ranging species referred to as Etrumeus teres as
has been split into an Atlantic species, E. sadina, and a Pacific
species, E. micropus (see Froese and Pauly, 2019). Pending a
taxonomic revision of the genus Etrumeus, we continue to use
E. teres. Pacific round herring is a coastal fish that is important
in the seine net and other fisheries along the coasts of Japan. The
total catch of Pacific round herring, mainly along the southern
coast of Japan, has trended to increase 5000-55,000 tonnes since
1985 and remained above 37,000 tonnes from 2012 to 2015 (Nyuji
and Takasuka, 2017). Indeed, round herring exhibits a relatively
stable population dynamics over a long period of time (Oozeki
et al,, 2007). In this study, the parameter B,,/k = 0.45 indicated
that the depletion of this species was moderate level in 2017, while
the parameter B/Bs, = 0.90 indicated that the biomass of this

TABLE 6 | Estimates of r, k, MSY, relative biomass and status as obtained by CMSY and/or BSM method for 12 stocks exploited by Japanese fleets.

Scientific names r (year—1) k(10% 1) MSY (10® t/year) Benalk B/Bmsy F/Fmsy Status

C. asperrimum 0.61 14.7 2.26 0.1 0.2 0.926 Outside of safe biological limits
E. japonicus 1.04 1007 263 0.09 0.18 3.4 Severely depleted stocks

E. teres 0.48 200 24 0.45 0.90 1.62 Fully/overfished stocks

G. chalcogrammus 0.47 1928 227 0.56 1.11 0.367 Healthy stocks

G. semifasciatus 1.03 1.56 0.4 0.38 0.76 0.595 Recovering stocks

L. longipes 0.34 343 29.4 0.46 0.91 0.438 Recovering stocks

L. litulon 0.23 5.52 0.32 0.43 0.87 1.81 Fully/overfished stocks

S. melanostictus 0.64 12517 1999 0.16 0.33 1.06 Outside of safe biological limits
S. australasicus 0.66 164 27.2 0.23 0.46 0.995 Outside of safe biological limits
S. macrochir 0.26 3551 233 0.54 1.08 0.639 Healthy stocks

T. kitaharae 0.28 1.58 0.11 0.52 1.04 1.09 Fully/overfished stocks

T. japonicus 0.507 363 46 0.29 0.588 0.888 Recovering stocks

The results in bold are based on the BSM method, i.e., catch and abundance data. Those not in bold are based on the catch data by CMSY.
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FIGURE 4 | Exploitation level (F/Fmsy) trajectories generated by CMSY and
BSM for 10 stocks with CPUE data.

species was at a nearly healthy level in 2017. The biomass of the
species began to decline in 1985 and was at its lowest in 2002
before recovering gradually (Figure 2C). This result is consistent
with a study by Oozeki et al. (2007). Suzuki et al. (2018) used a
generalized additive mixed model (GAMM) to analyze the data
of Pacific round herring from 1997 to 2013, however, they did
not give the stock assessment clearly (Table 7).

Alaska Pollock (G. chalcogrammus)
Widely distributed in the northern Pacific (Froese and Pauly,
2019), Alaska pollock is an important commercial species in

Japan (Nakatani, 1988). In Hokkaido and northern Honshu,
catches of this species are obtained by trawling; from 1975 to the
end of the 1980s, these catches remained at a high level, from
200,000 to 300,000 tonnes. However, after peaking at 290,000
tonnes in 1981, catches dropped below 200,000 tonnes. In the
late 1990s, catches increased to 250,000 tonnes (Nishimura et al.,
2002). The parameter B/B,ys, = 1.11 indicated that the biomass of
this species was at a healthy level in 2017. There are few studies
on the stock assessment of Alaska pollock in the northwestern
Pacific Ocean. Holsman et al. (2016) used multi-species statistical
catch at age models (MSCAA) to assess the stock in the eastern
Bering Sea with data from 1979 to 2012. They reported a fishing
mortality of less than 0.2, suggesting this stock was healthy
(Holsman et al., 2016), which is consistent with our result in
Figure 4D and Table 7.

Deep-sea Smelt (G. semifasciatus)

Deep-sea smelt is distributed in the northwestern Pacific,
especially in southern Japan. It is found on the shelf edge and in
the upper bathyal, where the seabed is sandy and muddy (Froese
and Pauly, 2019). It is one of the most important benthic fish in
the waters off the central and southern Pacific coasts of Japan.
In 2004, Japanese boats caught just under 1,000 tonnes of this
fish. Total catches in Pacific waters are at low levels (half of their
1996 peak) with a slight downward trend (Nashida et al., 2007).
In this study, B,,4/k = 0.38 indicated that the resource depletion
of this species was strong in 2016; however, the B/Bys, and F/Fys,
indicated that it was recovering in 2016. Moreover, its relative
biomass (B/Bysy) fluctuated between 0.5 and 1.0 (Figure 2E).
Our assessment is consistent with the results published by the
Fisheries Agency of Japan (2018). Beyond that, there is no report
on the stock assessment of deep-sea smelt until now.

Longfin Codling (L. longipes)

Longfin codling is distributed in the northern Pacific, from
central Japan to Okhotsk and to the Aleutian Islands and Bering
Sea, and the species is found on the continental slope (Froese and
Pauly, 2019). Catches were low in the 1980s and the species was
used as an alternative to Alaska pollock in the 1990s, when it was
caught as a primary target. The catch hovered between 22,000
and 38,000 tonnes from 1992 to 1999, reached a record high of
48,000 tonnes in 2000, dropped in 2011 owing to the earthquake
and recovered in 2012. However, after 2016, it decreased again
(Fisheries Agency of Japan, 2018). According to the CMSY
analysis, the species was recovering in 2017 (Table 6). The relative
biomass trends of longfin codling are similar to those of the
Fisheries Agency of Japan (2018) (Figure 3A). Currently, the
research on the stock assessment of longfin codling is still not
well developed, so it is useful and informative to apply various
assessment models to assess its current status.

Yellow Goosefish (L. litulon)

Yellow goosefish is mainly distributed in the northwestern
Pacific, including Japan and Korea, and in the Yellow and East
China Seas (Froese and Pauly, 2019). In Japan, its catch was
small compared with that of other commercially exploited fish
(Yoneda et al., 2001). After 1991, the catch started to increase,
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but it dropped in 2011 because of an earthquake (Fisheries
Agency of Japan, 2018); relative biomass decreased in a similar
manner (Figure 2F). According to the CMSY analysis, the
species was overfished in the last year with available data (2017)
(Table 6). There was no research to report the assessment of
yellow goosefish in the same waters. But in China’s coastal seas,
Zhai and Pauly (2019) reported low current biomass of the yellow
goosefish in 2019 using the CMSY method, owing to the high
fishing mortality exerted on the stock.

South American Pilchard

(S. melanostictus)
South American pilchard, or ‘Pacific sardine; is widely distributed
in the Indo-Pacific, from southern Africa to the eastern Pacific.

Three lineages were confirmed through cluster and parsimony
analyses of haplotypic divergences: southern Africa (S. ocellatus)
and Australia (S. neopilchardus); Chile (S. sagax) and California
(S. caeruleus); and Japan (S. melanostictus) (Froese and Pauly,
2019). The lineage relating to Japan (S. melanostictus) is discussed
here. The catch of South American pilchard began to decline
after 1989, peaking at 5.43 million tonnes in 1988; dropping from
1989 to 2.49 million tonnes in 1992 (Watanabe et al., 1995); and
remaining low at around 100,000 tonnes from 2002 to 2009. Since
then, with the decrease in fishing pressure from 2010 to 2014,
caused by the 2011 earthquake, the stocks increased to more than
1 million tonnes in 2014 (Fisheries Agency of Japan, 2018). The
parameter By, ;/k = 0.16 indicated that the biomass of this species
was depleted in 2017, and the estimate of B/Bys, = 0.33 indicated
that the species had been outside of safe biological limits. Our
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results for the relative biomass of the species (Figure 2G) are
consistent with data released by the Fisheries Agency of Japan
(2018). Moreover, the assessment of south American pilchard
was reported in 2009. The authors used cohort analysis to assess
the stock status with data from 1953 to 2006 and their results
suggested that the collapse of the south American pilchard
stock in the 1990s was caused by fishing mortality (Ohshimo
et al., 2009). This is consistent with our results, which could be
confirmed by Figures 2G, 4G.

Blue Mackerel (S. australasicus)

Blue mackerel lives in the coastal waters of the western Pacific,
Australia and New Zealand, the northwestern and eastern Pacific,
the northern and southern Indian Ocean to the Red Sea, and the
northeastern Pacific near Hawaii and Mexico (Froese and Pauly,
2019). The catch of blue mackerel in Japan before 1981 was much
lower than in recent years. The biomass of blue mackerel was
over 100,000 tonnes in 1995. In 2006, it reached a record high,
but, after 2011, it showed a decreasing trend (Fisheries Agency
of Japan, 2018). Our result suggested that the biomass of this
species was at an extremely low level (B, /k = 0.23) and that it
was being outside of safe biological limits in 2017 (B/Bjysy = 0.46).
Fluctuations in the relative biomass of blue mackerel (Figure 2H)
were consistent with those reported by the Fisheries Agency of
Japan (2018). On the contrary, Zhang and Chen (2020) reported
a healthy stock status for the blue mackerel in the Pacific Ocean by
using virtual population analysis and yield per recruit with data
from 1995 to 2015 (Table 7). One of the reasons is that the study
area of the assessment is different, i.e., Zhang and Chen (2020)

evaluate the whole Pacific Ocean, while this study evaluates
Japan’s coastal area.

Broadbanded Thornyhead (S. macrochir)
Broadbanded thornyhead is widely distributed in the northern
Pacific, from Sagami Bay, Japan, to the southern Kuril Islands
and off Sakhalin, Russia (Froese and Pauly, 2019). It is a high-
value fishery and a key target for small and medium trawl
fisheries along Japan’s Pacific coast north of Honshu, whose
catches began to decline in 1975 (Noranarttragoon et al., 2011).
Catches of the species fell from 1,292 tonnes in 1983 to 274
tonnes in 1992, owing to a strong biomass decline (Koya et al.,
1995); the catch in 2014 was about one-sixth of what it had
been in the late 1970s (Sakaguchi et al., 2014). As the Japanese
government began to implement a resource recovery plan in
2001, the biomass of broadbanded thornyhead began to increase
(Fisheries Agency of Japan, 2018). Correspondingly, the changes
in the relative biomass of this species in this study (Figure 2I)
were related to the measures taken by the Japanese government.
Thus, the resource status of this species could be considered
healthy (Table 6). Currently, there is no report on the stock
assessment of broadbanded thornyhead.

Willowy Flounder (T. kitaharae)

Willowy flounder is mainly distributed in the northwestern
Pacific and inhabits muddy seabeds (Froese and Pauly, 2019).
Its catch reached more than 210 tonnes in the early 1970s but
declined to alow level from 1980 to 1990. Catch began to increase
sharply in the mid-1990s, reaching more than 240 tonnes in

TABLE 7 | Comparison of fishery resource assessment studies for twelve fish species.

Scientific names Assessment Assessment Time Assessment Comparison Region References
Method Result with this
study
C. asperrimum None None None None None None
E. japonicus Virtual population 1905-2015 Overfished Consistent Northwestern Pacific Yatsu, 2019
analysis (VPA) Ocean
E. teres Generalized 1997-2013 None None East China and Japan Suzuki et al., 2018
additive mixed Seas
model (GAMM)
G. chalcogrammus Multi-species 1979-2012 Healthy Consistent Eastern Bering Sea Holsman et al., 2016
statistical catch at (United States).
age models
(MSCAA)
G. semifasciatus None None None None None None
L. longipes None None None None None None
L. litulon CMSY and BSM 2013-2014 Overfished Consistent Bohai and yellow seas Zhai and Pauly, 2019
S. melanostictus Cohort analysis 1953-2006 Overfished Consistent The Sea of Japan and Ohshimo et al., 2009
East China Sea
S. australasicus Virtual population 1995-2015 Healthy Inconsistent Pacific Ocean Zhang and Chen, 2020
analysis (VPA)
Yield per recruit
(YPR)
S. macrochir None None None None None None
T. kitaharae None None None None None None
T. japonicus Cohort analysis 1965-1995 Overfished Consistent Korea and adjacent Zhang and Lee, 2001

waters
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1998-1999, a record high. Since then, catches have declined,
falling below 100 tonnes in 2001, then again increasing to 144
tonnes in 2009 and 160 tonnes in 2010. After 2011, the impact of
earthquakes decreased, and catches of 139 tonnes were made in
2016 and of 127 tonnes in 2017 (Fisheries Agency of Japan, 2018),
with a similar trend in the relative biomass of willowy flounder
(Figure 3B). In 2017, the relative (B/Bysy = 1.04) and end biomass
(Bend/k) of willowy flounder was relatively high, suggesting that it
was fully/overfished. There is no research that can be compared
with our assessment at present.

Japanese Jack Mackerel (T. japonicus)
Japanese jack mackerel is widely distributed in the northern
Pacific (Froese and Pauly, 2019). Its resources increased in the
1980s, rising from 140,000 to a high level of 160,000 tonnes in
the mid-1990s, but declined from 1997 to below 100,000 tonnes
after 2006. The biomass of the stocks in 2017 was 43,000 tonnes
(Fisheries Agency of Japan, 2018). In this study, the parameters
Bena/k = 0.29 and B/By,sy = 0.588 suggested that the biomass was
relatively low (Figure 2J), and that the species was recovering,
which is consistent with the assessment given by the Fisheries
Agency of Japan (2018), based on the Acceptable biological
catch (ABC) estimation. In addition, Japanese jack mackerel
was assessed in Korea and adjacent waters with data from 1965
to 1995, based on Schaefer (1954) and Fox (1970) production
models and Biomass-based cohort analysis (Table 7). The main
findings were that biomass (B) was 50% lower than B3, in 1995
and the fishing mortality (F) was high in 1993 (Zhang and Lee,
2001), which are similar with our results (see in Figures 2], 4]).

CONCLUSION

CMSY is a Monte-Carlo method that estimates fisheries reference
points (MSY, Fysy, Bnsy) as well as relative stock size (B/Bjysy) and
exploitation (F/Fysy). The Bayesian state-space implementation
of the Schaefer surplus production model (BSM) is the advanced
part of the CMSY package. Compared to other implementations
of surplus production models, the main advantage of BSM is
that it focuses on informative priors and it accepts fragmented
abundance data. However, the CMSY and BSM methods do
not consider other factors, such as environmental shifts or
the interaction among stocks. Thus, it would be advisable to
use the CMSY and BSM methods along with other models or
multispecies approaches to evaluate the stocks more accurately
and in a more holistic way.

The Japanese fisheries have great potential for rapid recovery
and biomasses can be rebuilt by adjusting the fishing intensity
to appropriate levels. We expect that assessments using the
CMSY and BSM methods will contribute to improvements in the
management of Japan’s fisheries and management systems. Also,
they should help us gain a more detailed understanding of the
state of global fisheries stocks.

During the 1990s and early 2000s, overfishing prevented
the recovery of the Japanese Pacific stocks of Clidoderma
asperrimum, Engraulis japonicus, Etrumeus teres, Lophius litulon,
Sardinops melanostictus, Scomber australasicus, and Tanakius
kitaharae. However, these stocks have been recovering since
2010, owing to the reduction of fishing pressure and the

subsequent biomass increase. In the face of global climate
change and international fishing pressure, the following three
recommendations for management in Japan are proposed: (1)
fishery scientists need to collect more accurate biological and
environmental data, so that managers could benefit from more
informative assessments of the status of ocean species; (2)
it is important to incorporate environmental factors in stock
assessments, especially for ocean stocks, which are sensitive
to changes in environmental conditions; (3) it is crucial to
establish an international framework for stock assessment and
management with China, Korea, and Russia. These policies
are expected to contribute to the sustainable management of
fisheries in the future.
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