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Abstract

Most fisheries in China do not have maximum sustainable yield (MSY) estimates due to limited and poor data.
Therefore, finding a common method to estimate MSY or total allowable catch (TAC) for fishery management is
necessary. MSYs of three important fisheries in the East China Sea were evaluated through a catch-based model.
Estimates for intrinsic rate of increase (r) and five levels of process error were considered. Results showed hairtail
Trichiurus japonicas (Temminck and Schlegel) and small yellow croaker Larimichthys polyactis (Bleeker) fisheries
experienced overfishing from the mid-1990s to the early 2000s, and the suggested TACs were 55.8×104  t  and
9.06×104  t,  respectively.  Decades of  overfishing in wintering and spawning grounds of  large yellow croaker
Larimichthys crocea (Richardson) caused the fishery’s collapse in the 1980s, and it has not recovered until today.
The Catch–MSY model generated similar estimated MSYs with other methods and may be a useful choice for the
assessment of regional stocks in China.
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1  Introduction
Marine fisheries in China primarily span four coastal seas, of

which the East China Sea (ECS) provides the highest catch, ac-
counting for approximately 40% of the total catch (Shen and
Heino, 2014). Hairtail Trichiurus japonicas (Temminck and
Schlegel), small yellow croaker Larimichthys polyactis (Bleeker),
and large yellow croaker Larimichthys crocea (Richardson) are
among the most important fish species both ecologically and
economically in the ECS (Lin, 2009; Liu et al., 2009; Ye, 2012).
Given that a total allowable catch (TAC) system has not been im-
plemented in China, these fisheries were operated mainly by
minimum mesh size regulation, summer fishing moratorium,
closure of spawning ground, and fishing power control (Wang,
2012; Shen and Heino, 2014; Yue et al., 2015). Maximum sustain-
able yield (MSY) for hairtail (Wang and Liu, 2013; Zhang and
Chen, 2015) and small yellow croaker fisheries (Lin, 2009; Li et
al., 2011) in the ECS was calculated through surplus production
models. However, the catch data (1990–2003) analyzed were at
high levels and did not capture the decline in the 1970s and 1980s
(Ling et al., 2006; see Section “catch data”). Moreover, many fish-
eries in China did not have MSY estimates due to limited and
poor data. This was also one of the reasons that TAC cannot be
implemented in China (Wang, 2012). Therefore, finding an ap-
propriate method to estimate MSY or TAC for fishery manage-
ment is necessary.

Some catch-based methods have been developed for estimat-

ing MSY or sustainable yields on data-poor fisheries. The deple-
tion-corrected average catch (DCAC) method (MacCall, 2009)
determines sustainable yields based on catch data, natural mor-
tality (M), and depletion in biomass. Based on DCAC and stock
reduction analysis (SRA, Kimura et al., 1984), a depletion-based
stock reduction analysis (DB-SRA) was proposed by Dick and
MacCall (2011). DB-SRA, which is a modification of stochastic
SRA (Walters et al., 2006), needs more information (e.g., age at
maturity) than DCAC. However, both DB-SRA and DCAC are in-
appropriate for short-lived species (M>0.2 per year, MacCall,
2009), particularly at low-current biomass levels (Newman et al.,
2014). Unfortunately, the compositions of the three fisheries in
the ECS were dominated by one-year-old fish, and the M estim-
ate of each species is greater than 0.2 per year (Ling et al., 2005;
Lin, 2009; Ye, 2012). Martell and Froese (2013) developed a
Catch-MSY model based on catch data, resilience information,
and assumptions about relative biomass. This method was ap-
plied to 146 stocks and present outstanding MSY estimations,
with only a few outliers due to intermediate resilience or lightly
exploited levels. In this paper, the Catch-MSY method with in-
trinsic rate of increase (r) estimation was used for stock assess-
ment of the three fisheries in the ECS, and management sugges-
tions were proposed based on the results. This study will be use-
ful for the sustainability of the three important fisheries and de-
termining TAC on data-limited fisheries in China.  
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2  Data and modeling

2.1  Catch data
The catch data (1956–2013) analyzed in this paper were ac-

quired from the China fisheries yearbook (1956–1979) and the

dynamic monitoring system for fishery resources in the ECS

(1980–2013). Before 1976, the three species accounted for nearly

half of the total catch in the ECS; however, it declined rapidly to

approximately 19%, slightly fluctuating in the past 20 years

(Fig. 1).

Hairtail is the most valuable and largest fishery in China,

comprising 80% to 90% from the ECS (Ling et al., 2005). The hair-
tail fishery in the ECS began in the 1950s and had the highest
catch among the commercial fish species. Before the late 1980s,
the three main components of the fishery include bottom trawl
fishery of state-run company fleets, inshore bottom trawling, and
seine fishery (Ye and Beddington, 1996). In that period, the catch
peaked at 52.8×104 t in 1974 and then decreased quickly until
1988. From the late 1980s, hairtail was mainly captured by can-
vas stow net and bottom trawl fishery. The catch rapidly in-
creased from 1988, the peak catch was seen 91.0×104 t in 2000,
and 66.4×104 t was observed in 2013 (Fig. 1).

Small yellow croaker and large yellow croaker are both valu-
able Sciaenidae species native to the western Pacific. They have
been exploited using various methods, including bottom trawl,
canvas stow net, gill nets, and set net (Lin, 2009; Ye, 2012). The
two fisheries in the ECS had the lowest catch on the same year in
1989, with approximately 4 000 t and 2 000 t. However, they ex-
hibited different resiliencies after that. Small yellow croaker re-
covered gradually, and the catch stabilized at 13.0×104 t in the
past 10 years, but large yellow croaker have an average catch of
only 7 900 t since 1990 (Fig. 1).

2.2  Catch-MSY method with r estimation
The dynamic states are based on the Schaefer production

model (Schaefer, 1991):

,0 exp 1t tB k tλ ν= = (1)

,1 [ (1 / ) ]exp 1t t t t t tB B rB B k C tν+ = + − − > (2)

where Bt, Ct, and k denote biomass at the start of year t, catch
during the year t, and the carrying capacity of the stock habitat,
respectively. Lognormal process error structure was assumed,
and νt was independent and identically distributed normal with
mean 0 and variance σ2. λ0 is the initial depletion level (B1/k) and
is usually assumed to be λ0=1 if it is a virgin stock.

In the Catch-MSY method, ranges of initial and current de-
pletion levels must be specified. The levels were assigned by Mar-
tell and Froese (2013) based on a batch analysis of 98 stocks from
the RAM legacy database (Ricard et al., 2012). For the first year,

the range of B/k (λ01, λ02) is 0.5–0.9 if catch to maximum catch is
below 0.5, otherwise, 0.3–0.6; for the final year, the range of B/k
(λ1, λ2) is 0.01–0.4 if catch to maximum catch is below 0.5, other-
wise, 0.3–0.7. In this study, the ranges of initial and current deple-
tion levels were specified based on the respective exploitation
state of the three fisheries in the ECS.

The prior information of r and k parameters is also needed to
approximate MSY. Random samples of k were drawn from a uni-
form distribution where the lower and upper boundaries were
the maximum catch in the data series and 50 times maximum
catch. Martell and Froese (2013) suggested that the ranges for the
random samples of r could be acquired from the resilience as-
signment in FishBase (Musick, 1999; Froese and Pauly, 2000) if
no other available knowledge is available. This assignment may
produce outliers of MSY estimates if the target stock has interme-
diate resilience. Therefore, r was estimated from an empirical
equation (Sullivan, 1991) based on von Bertalanffy growth para-
meters k and W∞. The estimations of k and W∞ (Table 1) in the
references (Zhou et al., 2002; Lin, 2009; Ye, 2012) were obtained
using the ELEFAN method in FiSAT software (Gayanilo et al.,
2003). For nongadoid stocks, the predictive equation (Sullivan,
1991) is

0.947 1.189 0.095ln .r k W∞= + − (3)

The equation suggests that faster growth and smaller body
size result in a high intrinsic rate of increase. Therefore, hairtail
has the smallest and small yellow croaker has the largest r values
(Table 1). Moreover, in a given population, r values should be
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Fig. 1.   Statistical catch and total catch proportions of three fish species (T. japonicas, L. polyactis and L. crocea) in the East China Sea
from 1956 to 2013.
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bigger than M (ICES, 2012). The M estimates (Table 1) are also
obtained from the same references using an empirical formula
(Pauly, 1980). As the M estimates are in the time span of 1960s to
2000s, the smallest estimated M multiplied by 80% was con-
sidered as the lower limits and the biggest estimated r multiplied
by 120% as the upper limits to express errors. All prior informa-
tion is shown in Table 2.

For r-k combinations, 0 was assigned when leading to the
population exceeding k or going extinct, and 1 for those results in
final depletion level between λ1 and λ2. Therefore, the likelihood
function of the parameter vector Θ={k, r} can be expressed as

,1 1 2

1 1 2

( | ) 1      /

( | ) 0      /
t n

t n

L C B k

L C B k

Θ λ λ
Θ λ λ

+

+

=
=



 .

≤ ≤
≤ ≤ (4)

This function ensured that each combination of r-k could res-
ult in a practicable stock in the last year of the data series. The
same importance sampling procedure was used to obtain the
joint distribution of parameters r and k, and 100 000 iterations
were processed for each situation. Five levels of process error,
namely 0, 0.01, 0.05, 0.10, and 0.20, were considered. The geo-
metric means, which can be estimated by 0.25rk, of r, k, and MSY
(Schaefer, 1991) were obtained after the sampling. The standard
deviation (SD) of logarithmic mean was used as a measure of un-
certainties so approximately 95% of MSY estimates would fall in
this range.

3  Results

3.1  Hairtail
The hairtail fishery started before 1956, but the catch was at

low levels (no more than 5×104 t every year, Wang and Qiu, 2006);
therefore, 0.6–0.9 was set as the range of initial depletion level for
1956. Although hairtail in ECS is still the largest fishery in China,
obvious significant downtrend was noted starting year 2000;
therefore, the range of current depletion level for 2013 was set at
0.3–0.7. For no process error situation, the estimated MSY is
77.56×104 t with SD 4.10×104 t, and estimated r is 0.64 per year
with SD of 0.09 per year (Table 3). The posterior estimation of k
concentrated on a narrow range, whereas r had a broad posteri-
or estimation covering the prior range, with obvious significant
inverse correlation between lnr and lnk (Fig. 2). The rapid in-
crease of catch in the 1990s caused the overfishing of this fishery
and the declining landings after 2000.

3.2  Small yellow croaker
The catches of the small yellow croaker fishery in the 1950s

were at high levels (from 5×104 t to 10×104 t every year); therefore,
the range of initial depletion level for 1956 was set at 0.4–0.8. As
the catches were also at high levels in recent years and had a sim-
ilar trend with hairtail fishery, the range of current depletion level
for 2013 was set at 0.3–0.7. For no process error situation, the es-
timated MSY is 13.79×104 t and estimated r is 0.83 per year (Ta-
ble 3). Although the declining stock recovered starting the 1990s,
the rapid increase of catch in the 1990s caused the overfishing.
The catch fluctuated around MSY after 2000 (Fig. 3). The posteri-
or estimation of k concentrated on a narrow range, whereas r had
a broad posterior estimation like the results of hairtail fishery;
however, large coefficient of variations (CVs) for r and MSY was
noted.

3.3  Large yellow croaker
Prior information did not result in effective r-k combinations

Table 1.   Natural mortality (M) and estimated intrinsic rate of increase (r) from von Bertalanffy growth parameters k and W∞ for the
three species in the East China Sea

Species k/a–1 W∞/g r/a–1 M/a–1 Sampling years Reference
Trichiurus japonicas 0.27 2 176 0.54 0.52 1960–1963 Zhou et al. (2002)

0.31 2 448 0.58 0.55 1985

0.31 1 892 0.60 0.58 1990–1999

Larimichthys polyactis 0.24 701 0.61 0.47 1963 Lin (2009)

0.44 387 0.90 0.71 1983

0.55 261 1.00 0.87 2001

Larimichthys crocea 0.36 629 0.76 0.69 1980 Ye (2012)

0.29 1 837 0.58 0.56 1982

0.43 1 145 0.79 0.77 2010

Table 2.   Prior information of intrinsic rate of increase (r), carrying capacity (k), and depletion levels of first year (B1956/k) and last year
(B2013/k) for the three species in the East China Sea

Species r/a–1 k B1956/k B2013/k
Trichiurus japonicas (0.42, 0.72) (Cmax, 50Cmax) (0.6, 0.9) (0.3, 0.7)

Larimichthys polyactis (0.38, 1.20) (Cmax, 50Cmax) (0.4, 0.8) (0.3, 0.7)

Larimichthys crocea (0.45, 0.95) (Cmax, 50Cmax) (0.4, 0.8) (0.01, 0.3)

          Note: Numbers in brackets represent the ranges of uniform prior, and Cmax is the maximum catch in the data series.

Table 3.   Geometric mean (GM), standard deviation (SD), and coefficient of variation (CV) of posterior estimation of r, k, and MSY for
the three fisheries in the East China Sea

Stock
r/a–1 k/104 t MSY/104 t

GM GM±2SD CV GM GM±2SD CV GM GM±2SD CV

Trichiurus japonicas 0.64 0.48–0.85 0.14 486.6 378.5–625.7 0.12 77.56 69.75–86.25 0.05

Larimichthys polyactis 0.83 0.45–1.53 0.30 66.4 38.3–115.1 0.26 13.79 11.33–16.78 0.10

Larimichthys crocea 0.09 0.05–0.16 0.31 289.6 218.3–332.9 0.10 6.17 4.15–9.19 0.21
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for the large yellow croaker fishery; therefore, we tried to reset the
prior information for this fishery in Table 2. The restrictions for r
led to invalid results and produced a new broad range (0.05, 1)
for prior r. The results are shown in Fig. 4. Comparing the results
of the other two fisheries, the posterior r-k combinations ap-

peared to be a different shape, in which r had a more narrow pos-
terior estimation than the prior range. With no process error, the
estimated MSY for the large yellow croaker fishery is 6.17×104 t
with SD 1.21×104 t and estimated r is 0.09 per year with SD 0.02
per year (Table 3). The stock suffered from prolonged overfishing
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Fig. 2.   Model outputs in case of no process error for hairtail fishery in the East China Sea. a. Catch history from 1956 to 2013 with the
MSY estimation (solid line) ±2SD (dash line); b. prior uniform distribution of r-k, and the black dots are the posterior combinations; c.
the relationship between lnr and lnk with the geometric mean MSY (solid line) ±2SD (dash line); d–f. posterior densities of r, k and
MSY. The solid lines are geometric means, and the dash lines represent geometric means±2SD.
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Fig. 3.   Model outputs in case of no process error for small yellow croaker fishery in the East China Sea.
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from 1956 to 1985 and had not recovered until recently (Fig. 4).

3.4  Model uncertainty
Different levels of process error were considered for hairtail

and small yellow croaker fishery because the prior set did not
generate effective results for large yellow croaker fishery. For
hairtail fishery (Fig. 5), the percentage relative bias (PRB) of r did
not vary significantly, while PRB of k decreased as the process er-
ror increased; PRB of MSY was the greatest when process error
was 0.2. For small yellow croaker fishery (Fig. 6), PRB of r and k
exhibited a larger variation than hairtail fishery; the estimated
values of r and MSY decreased, whereas the estimated values of k

increased as the process error increased.

4  Discussion

4.1  Model performance
The r estimation provided effective prior information for hair-

tail and small yellow croaker fisheries. Studies were conducted to
estimate the MSY of the two fisheries by using different methods.
For hairtail fishery, Xu et al. (2011) determined the estimated
MSY of 7.00×105–7.05×105 t using stock-recruitment relationship.
Meanwhile, an MSY of 7.16×105–7.99×105 t was obtained by
Wang and Liu (2013) using surplus production models. An estim-
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Fig. 4.   Model outputs in case of no process error for large yellow croaker fishery in the East China Sea.
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ated MSY of 7.55×105 t was provided by Zhang and Chen (2015)
based on Bayesian state-space modeling. In the present study, an
estimated MSY of 7.76×105 t was obtained using the Catch-MSY
method. For small yellow croaker fishery, an estimated MSY of
11.0×104 t was provided by Li et al. (2011) using Bayes-based
Pella-Tomlinson model. An MSY of 13.6×104 t was obtained by
Lin (2009) based on the Schaefer production model and 11.7×104

t based on the Fox model. In the present study, an estimated MSY
of 13.79×104 t was obtained using the Catch-MSY method. Our
results for the two fisheries were similar to that using the Schae-
fer production model and were higher than the other studies be-
cause the Catch-MSY method was transformed by the Schaefer
production model. However, the Catch-MSY method uses lesser
data compared with other methods.

Process error exhibited a different influence on the estimated
values of parameters and MSY in different fisheries. Results of the
hairtail fishery presented a lesser change than that of the small
yellow croaker fishery while the process error varied from 0 to
0.2. Therefore, the process needs to be set cautiously for a specif-
ic fishery.

4.2  Overfishing of the three fisheries
Estimated MSY and catch trajectories (Figs 2 and 3) indicated

the hairtail and small yellow croaker fisheries were overfished
from the mid-1990s to the early 2000s. The catches were near
MSY during these years and had a downward trend. In fact, the
fishing effort in the ECS increased rapidly from the 1980s. In the
last two decades of the 20th century, the number of marine en-
gine-powered fishing vessels and their total engine power in-
creased by 420% and 284% (Fig. 7). Given the rapid increase of
fishing effort and catches, the long-lived, high-trophic-level
fishes were replaced by small-sized species with high growth rate
and may also lead to changes in the biological characteristics of
the three species (Zhu et al., 2009). The mean body or anal length
of the the small yellow croaker and the large yellow croaker
tapered from the 1960s (Table 4) decreased by 42.4% and 58.9%,
respectively. In addition, they also tend to mature earlier, grow
faster, and be exploited more excessively in recent years than in
the 1960s (Table 4).

The prior information did not result in effective r-k combina-
tions for the large yellow croaker fishery mainly because the r es-
timation used data of the 1980s and the 2000s, and the ecological

strategy of this fishery changed from k strategy to r strategy (Xu
and Liu, 2007; Zhu et al., 2009). The age composition of catches
changed from 2–25 in 1958 to 1–3 in 1993 (Xu and Liu, 2007).
Therefore, as shown in Table 1, the estimated r using catch data
from 1956 to 2013 was lower than that using data after the 1980s.
This fishery had been overfished since the mid-1950s, and the
overfishing lasted for nearly 30 years (Fig. 4). The catch main-
tained low levels since the mid-1980s and, unlike the small yel-
low croaker fishery, did not recover. The large yellow croaker was
highly clustered in overwintering and spawning grounds. The
severe overfishing in overwintering and spawning grounds (e.g.,
Zhoushan Islands, the coastal area of Fujian) during the 1970s,
especially 1974–1976, caused the collapse of this fishery (Xu and
Liu, 2007). Although several conservation measures have been
implemented, this fishery has not recovered.

4.3  Management advice
Based on the principles of MSY-based management sugges-

ted by Martell and Froese (2013), the lower margin of error of
MSY (geometric mean MSY-2SD) should be used as a target for
TAC if stock size were above 0.5 k. Unfortunately, the hairtail and
small yellow croaker fisheries were overfished in the 1990s, the
mean length of the catch has declined (Table 4), and the propor-
tion of large fish is less than 20% at the beginning of the fishery
(Zhou et al., 2002; Lin, 2009). Therefore, stock sizes of the two
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Fig. 6.   Boxplots of the percentage relative bias of intrinsic rate of increase (r), carrying capacity (k), and MSY estimated at different
levels of process error for small yellow croaker fishery in the East China Sea.
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Fig. 7.   The number of marine engine-powered fishing vessels
and their total engine power in the East China Sea from 1956 to
2013.
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fisheries may be below 0.5 k (Froese, 2004). TACs of the two fish-
eries should be less than the lower margin of error of MSY, and
80% of it should be appropriate when TAC management is imple-
mented for the two fisheries for the first time. That is, 55.8×104 t
for hairtail fishery and 9.06×104 t for small yellow croaker fishery.
In addition, minimum mesh size regulation should be more
stringent as several immature individuals were included in the
catches of the two species (Lin, 2009; Wang, 2010). For the large
yellow croaker, the estimated TAC is 3.32×104 t. It had been over-
fished for nearly 30 years, and recovery is difficult. Therefore, we
suggest that the overwintering and spawning grounds should be
closed so that stock enhancement could continue. Artificial
breeding of this species started in 1986 in Fujian Province and
has become one of the main mariculture fishes in China.

In summary, the Catch-MSY method with r  estimation
provides a good fit for fisheries in the ECS. This model may also
present a useful choice for the assessment of regional stocks in
China. However, r estimation must be carefully dealt with be-
cause the ecological strategy of fish has changed.
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