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Abstract

Long-term variations in population structure, growth, mortality, length at median sexual maturity, and
exploitation rate of threadfin bream (Nemipterus virgatus) are reported based on bottom trawl survey data
collected during 1960-2012 in the Beibu Gulf, South China Sea. Laboratory-based analyses were conducted on 16 791
individuals collected quarterly in eight different sampling years. Average body length, estimated asymptotic
length, and percentage of large individuals have decreased significantly with the growth of marine catch and
fishing power, indicating individual miniaturization of this fish species. Estimated exploitation rates indicate that
the N. virgatus stock in the Beibu Gulf was moderately exploited in 1960 and 1962 and overexploited after 1992.
This stock was taking a good turn in status in 2012, with the lowest exploitation rate since 1992 and ceased
downward trend in length indexes. These results suggest that management measures to reduce fishing pressure
may have a positive influence on the biological characteristics of this commercial fish species. Biological
characteristics of most commercial fish species have phenotypic plasticity and might change over years in
response to fisheries management. Therefore, attentions should be paid on variations in fish biological

characteristics, when evaluating the effectiveness of current measures to control the total catch for all fisheries.
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1 Introduction

Coastal fisheries provide a major source of food and liveli-
hoods for inhabitants of coastal areas. The total catch of coastal
fisheries is more than 5x107 t annually, accounting for about half
of global marine landings (Palomares and Pauly, 2019). However,
there are still catch shortfalls in developed or rapidly developing
countries due to the growing popularity of seafood (Pauly and
Zeller, 2016). The sustainability of fisheries should be based on
scientific and effective management, otherwise the benefits to
people and ecosystems would be severely compromised (Cos-
tello et al., 2012; Pauly et al., 2005).

The Beibu Gulf (17°-21.75°N, 105.67°-110.17°E) is a semi-
closed bay in the northwestern South China Sea (SCS). This local
gulf is highly productive and rich in fishery resources, benefiting
from its favorable geomorphological and climatic conditions
(Chen et al., 2009). As reported to date, 960 fish species inhabit in
this ecosystem, which belong to 475 genera and 162 families.

About 80% of these species are demersal and the rest as pelagic
(Khanh et al., 2013). As one of China’s four major fishing grounds,
this gulf has been extensively fished for many decades. Therefore,
the Beibu Gulf has been playing an important role in food secur-
ity, economy, and employment (Chen et al., 2009). The main
types of fishing gears used in this system include trawls, purse
seines, gill nets, hooks, and set nets, and the trawl fishery usually
contributes to more than 70% of the total catch (Zhang et al., 2020a).
Since China’s reform and opening up, the economy in coastal
areas has developed rapidly and the demand for seafood has in-
creased with fast growth in the economy of coastal areas. Rapid
growth in the number of marine fishing vessels and catches from
the 1970s to the 1990s (Shen and Heino, 2014) has resulted in de-
creasing catch rates and shifts in fish community structure from
high trophic level fish species such as crimson snapper (Lutjanus
erythropterus) and large yellow croaker (Larimichthys crocea) to
lower trophic level species (Qiu et al., 2010). Over-exploitation
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has ultimately led to the collapse of the demersal fish com-
munity in the late 1990s (Chen et al., 2011).

In the last 20 a, a series of conservative management meas-
ures have been implemented in the SCS, including the “Zero-
growth” and “Negative-growth” strategies for total marine catch,
and a summer fishing moratorium (Cao et al., 2017; Shen and
Heino, 2014). Benefitting from the management measures, the
total marine catches in the SCS has stalled and maintained a level
of about 3.2x10° t (Fig. 1). Human activities, especially fishing,
can cause large variations in fish population dynamics through
changing average growth, mortality and maturity at population
level (Hunter et al., 2015; Olsen et al., 2004). Reduction in body
size and early maturation of commercial species have aroused
concern (Li et al., 2011; Turrero et al., 2014; Zhang et al., 2020a)
as indicative phenomena of overfishing (Froese, 2004). There-
fore, it is important to understand how biological characteristics
of commercial fishes respond to management measures that
have been designed to reduce fishing pressure.

Golden threadfin bream (Nemipterus virgatus) inhabits
muddy or sandy bottoms, and is distributed from southern Japan
to northwestern Australia and the Arafura Sea (Russell, 1990). It
is one of the most important commercial fish species in the Beibu
Gulf and mainly caught by bottom trawling, gill nets, and hooks
(Wang et al., 2004). Nemipterus virgatus is a dominant species of
Nemipteridae in the northern SCS, where the stock biomass of
Nemipteridae was estimated at 9.8x10* t from acoustic surveys
from 1997 to 1999 (Chen et al., 2006). Analyses using the Bever-
ton and Holt dynamic pool model suggested that N. virgatus had
been overexploited in the late 1990s due to excessive capture of
juveniles, and a recommendation was made to increase the min-
imum allowable catch length to 16.5 cm (Wang et al., 2004). Des-
pite the commercial importance and threatened status of N. vir-
gatus, limited research has been reported on its biological char-
acteristics in the last 20 a. It is unknown how the biological char-
acteristics of N. virgatus have changed after the implementation
of conservative management measures. In this study, we ana-
lyzed time-series data to identify changes in the population
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structure, growth, mortality, exploitation ratio, and length and
age at median sexual maturity of N. virgatus in the Beibu Gulf.
Such results directly shed light on how management measures
affect the biological characteristics of fish.

2 Data and methods

2.1 Data source

Data used in this study were collected from historical bottom
trawl surveys in eight years (i.e., 1960, 1962, 1992, 1998, 2006,
2007, 2009, and 2012). All the surveys were conducted by the
South China Sea Fisheries Research Institute to evaluate abund-
ance and spatial distribution of fishery resources in the Beibu
Gulf. Fish were sampled quarterly at 38 stations (Fig. 2) in each
year. The following vessels were engaged in these surveys: a
wooden fishing vessel in 1960 and 1962; the steel fishing vessel
Beiyu 60010 in 1992, the RV Bei Dou in 1998, and the steel fishing
vessel Beiyu 60011 in 2006, 2007, 2009, and 2012. The mesh size
of the bottom-trawl nets ranged from 120 mm to 200 mm,
with 30-40 mm cod-end mesh size in all the surveys. Each sta-
tion was investigated once and towed for 1 h at an average speed
of 3-4 kn in all surveys. All captured fishery resources were classi-
fied to species level, and the total number and weight were meas-
ured by species. For major commercial species (e.g., N. virgatus),
biological data including length, weight, stage of sexual maturity,
and stomach fullness were collected. For each of such species, if
fewer than 50 individuals were caught at a station, all individuals
were cryopreserved for laboratory bioassays; otherwise, 50 indi-
viduals were sampled randomly and measured. Standard length
and body weight were recorded to the nearest 1 mm and 1 g, re-
spectively.

2.2 Length structure and sex ratio

In this study, length frequencies of N. virgatus in the eight
periods were analyzed at 10-mm standard length intervals. The
dominant length groups were defined as the groups accounting
for more than 10% of the total individuals and sex ratio as female-
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Fig. 1. Marine fishery catches in the South China Sea and timeline of the introduction of management measures and policy priorities.
Most of the measures were synchronous with other seas in China, except for the summer fishing moratorium.
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Fig. 2. Map of the Beibu Gulf and sampling stations.

to-male ratio. Percentages of large individuals over time were
analyzed by linear regression. We defined “large individuals” as
the individuals with standard length more than 200 mm. This
cut-off length was on the basis of the price categories of N. virgat-
us in seafood market and the individuals with length more than
200 mm were always classified to the highest category.

We used Shapiro-Wilk and Kolmogorov-Smirnov tests to
check whether the raw data were normally distributed. Results
showed the length data series in all eight years were not nor-
mally distributed (p<0.05). Therefore, we used “powerTrans-
form” function in R package “car” to transform the data to nor-
mal distributions. Levene test was used to check the homogen-
eity of variance before parametric tests. Multiple Chi-squared
tests were performed on gender data for the eight years to evalu-
ate whether gender structure was consistent over any two neigh-
bor years, thereby determine whether the sex ratio differs by year
or not. The differences in mean length among the eight sampling
years were tested by one-way analysis of variance (ANOVA). A
post-hoc was conducted following the ANOVA test, i.e., differ-
ences in mean length between two years were checked by ¢ test.

2.3 Length-weight relationship and relative condition factor
The power relationship between length and weight is de-
scribed by the following equation:

W=alL’, 1)

where W is wet weight (g) of an individual fish, L is standard
length (mm), a is a condition factor, and b is an allometric growth
parameter. Weight growth is isometric if b = 3, otherwise, weight
growth is allometric (Nehemia et al., 2012). Differences between
allometric factors b and 3 in the length-weight relationships were
determined using paired-samples ¢ tests.

The relative condition factor W, compensates for changes in
form or condition with increasing length, and thus measures the
deviation of an individual from average weight for length (Le
Cren, 1951). It compares the observed weight of an individual
with the mean weight for that length:

w
W = ﬁ' 2

A relative condition factor greater than one means the fish
weighs more than expected for its length; a relative condition

factor less than one means the fish weighs less than expected for
its length. Differences in the relative condition factor between
males and females were tested by ¢ test.

2.4 Growth, mortality, and exploitation ratio

To estimate the tendency for growth to vary over time, the von
Bertalanffy growth function (von Bertalanffy, 1938) was fitted for
each sampling year separately, with the standard length defined
as follows:

Ly = Loo{1 — exp[—K(t — 10)]}, ©)

where L, is the length at age ¢, L_, is the asymptotic length, Kis the
growth coefficient (per year), and £, is the hypothetical age at
length zero. The growth parameters L and K were estimated us-
ing FiSAT II software (version 1.2.2) through the restructured
length-frequency data at 10-mm intervals, a method based on
electronic length-frequency analysis (Pauly and David, 1981).
The value of £, was estimated using the empirical equation
(Pauly, 1979) as follows:

log,o(—t) = —0.392 2 — 0.275 1log;yLoc — 1.038log;o K.  (4)

To compare growth parameters among different sampling
periods and different studies, a growth performance index ¢’
(Pauly and Munro, 1984) was calculated as follows:

@' =log,o K+ 210g;9 Loo- (5)

Total mortality (Z) was estimated using the length-converted
catch curves based on pooled length-frequency data (Pauly,
1983), defined as follows:

In(N;/At;) = ¢ + dt;, (6)

Z=—d, (7)

where N; is the number of fish caught in a given length class i, ¢/
is the relative age corresponding to length class i, At; is the time
needed, and c and d are the intercept and slope of the linear
equation, respectively.

Natural mortality (M) was computed following Pauly (1980),
as follows:

log,M = — 0.006 6 — 0.279]og; Lo+
0.654 3log, K + 0.463 4log,,T, ®)

where L_ is measured in cm and Kin a-!. Trepresents the mean
annual sea surface temperature (SST) in the Beibu Gulf, at 25.85°C
(1960), 25.28°C (1962), 25.94°C (1992), 27.21°C (1998), 26.93°C
(2006), 25.89°C (2007), 25.98°C (2009), and 25.80°C (2012). SST in
the eight years were measured in the surveys and calculated as
the average for all sampling stations and four seasons.

Based on the relationship between Z and M, fishing mortality
(F) was calculated as follows:

F=Z—-M. ©)

The exploitation ratio (E) was obtained using the following
equation:

E=F/Z (10)
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2.5 Standard length and age at median sexual maturity

Standard length and age at median sexual maturity were cal-
culated using the data of female individuals during spawning
seasons (April-June) of N. virgatus (Qiu et al., 2008). This analys-
is was conducted for only four years (1960, 1998, 2006, and 2012)
as there were not enough female individuals measured during
spawning seasons for other years. Maturity stages were determ-
ined on the basis of ovary development. We removed each indi-
vidual’s exoskeleton to expose their ovaries and then identified
the maturity stage by visual inspection. Each specimen was as-
signed to one of six stages; Stages I-1II were considered sexually
immature, and Stages IV-VI were considered sexually mature (Li
etal., 2011). The standard length and age at median sexual ma-
turity (Ls, and A,,) are essential reference points in fishery as-
sessment (Hilborn and Walters, 1992). Logistic-type models,
which are considered to be the best simple models for fitting ma-
turity at length or maturity at age data, were applied to estimate
L., and A, (Chen and Paloheimo, 1994). The proposed model for
Ly is

ASR(G)

ASR(P) = ——— e

+ &, (11)

where 1 represents the instantaneous rate of maturation, and G
the maximum attainable proportion of mature individuals. Be-
cause all individuals reach maturity after attaining a specific
standard length, G = 1. L, is a midpoint value of the standard
length interval, and ¢; is an error term. The arcsine-square root
(ASR) transformative percentage P, of maturity is given by the fol-
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lowing equation:

ASR(P;) = arcsin v/P;. (12)

The results of L, 4, and their 95% confidence intervals were
calculated by nonlinear regression. The A, value was computed
using the inverse von Bertalanffy growth function (von Bertalan-
ffy, 1938) as follows:

1 L
Asozto—Eln<l—Lﬂ). (13)

3 Results

3.1 Population structure

The results show that sex ratio, body size, and length compos-
ition of N. virgatus stock have changed since 1960. The pooled
population ranged from 36 mm to 316 mm in length and the sex
ratios ranged from 1.63 to 4.12 (Fig. 3; Table 1) during the period
from 1960 to 2012. Percentages of large individuals (standard
length >200 mm) of N. virgatus show a significant downtrend
over the sampling years (Fig. 4, p<0.05).

The results of Chi-square tests indicated that sex ratios signi-
ficantly differed between every two neighbor sampling years, i.e.,
1960 and 1962 (x2=23.05, p<0.05), 1962 and 1992 (x?=4.59,
p<0.05), 1992 and 1998 (x2=8.57, p<0.05), 1998 and 2006
(x2=157.63, p<0.05), 2006 and 2007 (32=12.38, p<0.05), 2007 and

16 4

14

20

Fig. 3. Length frequency distributions of Nemipterus virgatus in the Beibu Gulf from 1960 to 2012.
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Table 1. Population structure of Nemipterus virgatus in the
Beibu Gulf from 1960 to 2012
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Table 2. Regression coefficient of length-weight relationship for
male and female Nemipterus virgatus in the Beibu Gulf from 1960

Y Number of Sex ratio Standard length / mm to 2012
ear . .. .
individuals sampled (9/3) Range Mean+SD Dominant  Year Sex  df a(x107%) 95%CI(x10%) b  95%CI R?
1960 6 781 2.19 36-282 155.29+31.55 126-135 1960 male 186 11.1 5.2-23.8 2.68 2.53-2.82 0.96
1962 2 356 1.72  46-275 146.44+36.47 136-155 female 253 7.9 5.6-11.1 2.73 2.67-2.80 0.98
1992 976 2.05 68-300 147.47+38.32 106-115; 1962 male 378 9.2 5.1-14.7 2.76 2.71-2.81 0.95
146-175 female 620 8.1 46-122 281 2.75-2.86 0.97
1998 3168 1.63  43-300 144.87+36.85 116-145 1992 male 138 7.9 5.5-11.0 278 2.73-2.82 0.98
2006 1467 4.14 60-316 131.91+29.07 106-145 female 212 7.4 4.8-10.3 2.82 2.78-2.87 0.98
2007 670 2.80  75-308 139.18423.75 116-165 1998 male 1107 8.6 7.12-103 274 2.70-2.78 0.95
2009 828 4.04 63-310 125.49+36.63 96-135 female 1811 75 6.3-8.9 276 2.72-2.80 0.93
2012 545 1.68  75-272 129.87+23.01 96-155 2006 male 184 26 1.9-3.4 298 2.92-3.03 0.98
female 765 3.2 2.7-3.8 2.93 2.89-2.97 0.97
20 4 2007 male 170 28 1.7-4.6 295 2.85-3.05 0.95
218
2 6 | . =049 8x + 504.78 female 481 4.9 3.7-6.7 2.80 2.77-2.89 0.95
= R2=0.847 8 2009 male 151 57 3.0-10.9  2.80 2.67-2.93 0.92
’-é 1 | female 614 24.5 17.8-33.7 2.50 2.43-2.56 0.90
10 . . 2012 male 166 212 10.1-44.6 256 2.40-2.71 0.87
f g female 280 25.7 15.6-42.3 2.51 2.41-2.62 0.89
% p ¢ Note: CI represents confidence interval; df, freedom degree of
o - linear regression.
g 4 4 e
o * .
g 2 L males (p<0.05) in the eight sampling years, except for 1992
0 T T T T T T i (#=1.91, p=0.19). Therefore, the relative condition factors of males
1950 1960 1970 1980 1990 2000 2010 2020 e g .
Year were significantly lower than those of females, except in 1992

Fig. 4. Percentage of large individuals (standard length>200 mm)
of Nemipterus virgatus in the Beibu Gulf in different sampling
years.

2009 (x?=8.47, p<0.05), and 2009 and 2012 (¥2=50.29, p<0.05). The
length compositions significantly differed between males and fe-
males in all sampling years (p<0.05), but not in 2006 (x?>=1.82, p=
0.19), and 2007 (x?=1.21, p=0.28). The length compositions signi-
ficantly differed between every two neighbor sampling years, i.e.,
1960 and 1962 (32=21.32, p<0.05), 1962 and 1992 (»?=37.39, p<
0.05), 1992 and 1998 (¥?=52.44, p<0.05), 1998 and 2006 (»>=78.96,
p<0.05), 2006 and 2007 (y?=12.23, p<0.05), 2007 and 2009 (y?=
9.35, p<0.05), and 2009 and 2012 (32=18.72, p<0.05).

The results of one-way ANOVA also revealed significant dif-
ferences in average standard lengths among the eight sampling
years (F=132.574, p<0.05). The results of ¢ test showed there were
significant differences mean length between 1960 and 2012
(#=15.59, p<0.05), 1962 and 2012 (#=11.82, p<0.05), 1992 and 2012
(#=15.07, p<0.05), 1998 and 2012 (#=10.87, p<0.05), 2006 and 2012
(#=3.45, p<0.05), 2007 and 2012 (#=8.90, p<0.05), except for 2007
and 2012 (1=—0.94, p=0.35).

3.2 Length-weight relationship and relative condition factor

The condition factor and allometric growth parameter in the
length-weight relationship varied over time for males and fe-
males (Table 2). During the period of 1960 to 2012, the condition
factor of males ranged from 2.6x10-5 to 21.2x10-5 while that of fe-
males ranged from 3.2x10-5 to 25.7x10-°. The allometric growth
parameter of males ranged from 2.56 to 2.98 while that of fe-
males ranged from 2.5 to 2.93. There were significant differences
between the allometric growth parameter b and 3 (p<0.05) for
males and females in the eight sampling years, except for males
(¢=1.47, p=0.19) and females (#=1.82, p=0.11) in 2006 and males
(2=2.15, p=0.13) in 2007. The results of ¢ tests revealed significant
differences in the relative condition factor between males and fe-

(Fig. 5). For both males and females, the highest relative condi-
tion factors were in 2007 and the lowest were in 2006.

3.3 Growth

The von Bertalanfty growth parameter for N. virgatus changed
from 1960 to 2012 (Table 3). The asymptotic length L_ had de-
creased to 312 mm in 2009 since the maximum (341 mm) in 1992.
It was 320 mm in 2012, similar to that in 2006. The growth coeffi-
cient K ranged from 0.26 to 0.38 while the theoretical age at
length zero ranged from -0.334 to -0.247 in the eight sampling
years. The growth performance index ¢’ varied between 2.44 and
2.63.

3.4 Mortality and exploitation ratio

The total mortality coefficient Z was estimated from the
length-converted catch curves (Fig. 6). The selection of regres-
sion data points was based on the principle that the age group
without complete recruitment and the age group with a body
length close to the asymptotic length could not be used for re-
gression. All the p values of linear regressions in Fig. 6 were smal-
ler than 0.05. The Z value first increased from 1.06 in 1960 to 3.29
in 2009, and then decreased to 1.98 in 2012 (Table 4). The natur-
al mortality coefficient M varied between 0.70 and 0.88. The fish-
ing mortality coefficient F increased from the lowest value (0.36)
in 1960 to the highest value (2.43) in 2009, and then decreased in
2012 (1.10). The exploitation rate E was lower than 0.5 in 1960
and 1962, higher than 0.6 from 1992 to 2009, and 0.56 in 2012.

3.5 Standard length and age at median sexual maturity

Based on an ASR logistic curve fitted by nonlinear regression
(Fig. 7), the L, values of N. virgatus were obtained. The L, val-
ues were 144.62 mm (95% confidence interval (CI) 138.2-151.0 mm)
in 1960, 135.83 mm (95%CI 131.5-140.2 mm) in 1998, 134.26 mm
(95%CI 130.3-138.2 mm) in 2006, and 138.46 mm (95%CI
135.5-141.5 mm) in 2012. The corresponding A, values calcu-
lated by the inverse von Bertalanffy growth function were 1.92
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Fig. 5. Temporal variation in relative condition factor of Nemi-
pterus virgatus males (solid line) and females (dashed line) in the
Beibu Gulf. Error bars indicate standard deviation.

(95%CI 1.79-2.06), 1.65 (95%CI 1.57-1.74), 1.52 (95%CI 1.45-1.59)
and 1.71 (95%CI 1.65-1.77), respectively.

4 Discussion

Over the past six decades, significant variations in population
structure, growth, mortality, sexual maturity, and exploitation
rate of the N. virgatus stock in the Beibu Gulf have taken place.
Average body length, estimated asymptotic length, dominant
length groups and percentage of large individuals have de-

Table 3. Estimated growth parameters of Nemipterus virgatus in
the Beibu Gulf from 1960 to 2012

Year ASIS‘;II?gtthO,UC Growth Theoretical age per(f;;?rvr\llgrllce
[_/mm coefficient, K atlength zero, £, index, ¢/
1960 326 0.26 -0.334 2.44
1962 335 0.38 -0.247 2.63
1992 341 0.27 -0.317 2.50
1998 329 0.27 -0.320 2.47
2006 321 0.30 -0.290 2.49
2007 315 0.33 -0.263 2.52
2009 312 0.35 -0.248 2.53
2012 320 0.28 -0.311 2.46

creased, indicating truncated size structure of a population. Es-
timated exploitation rates indicate that this stock was moder-
ately exploited in 1960s and overexploited after 1992. This stock
was taking a good turn in status in 2012, with the lowest exploitation
rate since 1992 and ceased downward trend in length indexes.

4.1 Length-weight relationship

The length-weight relationship is a key factor in studies on
the biology and management of fish species. This information is
useful for predicting weight from length values, evaluating the
condition of fish, and estimating biomass (Vaslet et al., 2008). It
can also provide clues about environmental changes and sus-
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Fig. 6. Length-converted catch curves for Nemipterus virgatus in the Beibu Gulf from 1960 to 2012.
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Table 4. Mortality parameters and exploitation of Nemipterus virgatus in the Beibu Gulf from 1960 to 2012

1960 1962 1992 1998 2006 2007 2009 2012
Total mortality coefficient, Z 1.06 1.66 1.85 1.86 1.99 2.79 3.29 1.98
Natural mortality coefficient, M 0.70 0.88 0.71 0.73 0.79 0.82 0.86 0.88
Fishing mortality coefficient, F 0.36 0.78 1.14 1.13 1.20 1.97 2.43 1.10
Exploitation rate, E 0.34 0.47 0.62 0.61 0.61 0.71 0.74 0.56
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Fig. 7. Proportion of mature female Nemipterus virgatus in the Beibu Gulf, and logistic curve fitted by ASR model. Dots represent

observed data; triangles, L,

tainable management of fish stocks (Ecoutin et al., 2005). In this
study, the value of the allometric growth parameter b was lower
than 3 in most situations (Table 2), indicating negative allomet-
ric growth of N. virgatus in the Beibu Gulf. The relative condition
factor W, has been widely used in growth studies as it is an indic-
ator of fish growth and the suitability of the environment. Ac-
cording to George et al. (1985), W, indicates the general well-be-
ing of fish. Values of W, higher than 1 are indicative of good well-
being, while those lower than 1 reflect poor well-being of fish. In
the present study, the W, estimates of females were higher than 1
in the eight sampling years and generally higher than those of
males (Fig. 5). This difference by sex was probably due to differ-
ent energy allocation strategies adopted by males and females,
and females might need to save more energy for spawning. The
variation in the sex ratio over time may be another way of adjust-
ing reproduction in different environments and life stages.

4.2 Shrinking of fish body size

Shrinking of fish body size is a common phenomenon among
commercial fish species in marine and fresh waters worldwide
(Sheridan and Bickford, 2011; Cheung et al., 2013), and espe-
cially in the four major sea areas of China. Since the 1960s, many

important commercial fishes, such as small yellow croaker (Lar-
imichthys polyactis) in the Bohai Sea and Yellow Sea (Li et al.,
2011), largehead hairtail (Trichiurus lepturus) in the East China
Sea (Zhou et al., 2002), and threadfin porgy (Evynnis cardinalis)
in the SCS (Zhang et al., 2020a) have shown a reduction in body
size alongside an increase in growth rate. There are three pos-
sible reasons for decreases in fish body size. The first is fishing-
induced evolution (FIE). When size-selective fishing removes
faster-growing individuals at higher rates than slower-growing
fish, the surviving populations will become dominated by slower-
growing individuals (Kraak et al., 2019). Therefore, the slower-
growing fish genes have been inherited after long-term overfish-
ing, as verified in populations of sockeye salmon (Oncorhynchus
nerka) (Quinn et al., 2007) and Atlantic cod (Gadus morhua)
(Olsen et al., 2004). The second explanation is the density-de-
pendent effect. Overfishing creates a sparser population with di-
minishing predation and interspecific competition pressures, as
well as sufficient food, allowing individuals with smaller body
sizes to replenish the fishery (Kolluru and Reznick, 1996; Rouyer
etal., 2011). The third explanation is the influence of climate
change (Sinclair et al., 2002; Sheridan and Bickford, 2011). Li et
al. (2011) studied the biological characteristics of L. polyactis in
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the Bohai Sea and Yellow Sea, and found that water temperature
was closely related to the smaller body size and earlier sexual
maturity. Both theory and empirical observations also support
the hypothesis that warming and reduced oxygen will reduce
body size of marine fish (Cheung et al., 2013). The Beibu Gulf is
located in sub-tropical and tropical region, and variations in wa-
ter temperature is smaller than northern seas. Overfishing has
been occurred in main commercial fish species in the northern
SCS since 1980s (Chen et al., 2011; Zhang et al., 2017). Therefore,
overfishing seems to be the main driving force for shrinking of
fish body size in the Beibu Gulf. As for it is FIE or density-de-
pendent effect, further studies on changes in fish genes need to
be done.

4.3 Expiloitation status

As reported by Gulland (1983), the optimal utilization rate for
fish is 0.5. Based on this suggested value, the N. virgatus resource
in the Beibu Gulf was moderately exploited in 1960 and 1962 and
overexploited after 1992. Since the 1950s, the catch in coastal wa-
ters has amounted to more than 90% of the total marine catch in
China (Shan et al., 2016). The marine catches and total fishing
power of Guangxi and Hainan (adjacent to the Beibu Gulf) have
increased rapidly since the 1980s (Fig. 8). The total fishing power
reached 195.0x10* kW in 2018, while marine catches have fluctu-
ated, with an average of 178x10* t over the last 15 a. Excessive
fishing and a lack of effective management in recent decades has
resulted in declining catch rates of commercial fish species (Qiu
et al., 2008), shifts in fish community structure (Zhang et al.,
2020b), and the collapse of fishery ecosystems (Chen et al., 2011)
in typical semi-closed bays of the SCS. Five surveys conducted by
the South China Sea Fisheries Research Institute from 1961 to
1999 revealed that the catch rates of N. virgatus in the Beibu Gulf
had decreased from 16.4 kg/km? in 1962 to 5.9 kg/km? in 1998
(Wang and Yuan, 2008).

4.4 Influences of fisheries management measures

The main purpose for the management measures in recent
decades were to halt the decline in fishery resources and con-
serve marine ecosystems. “Zero growth” and “Negative growth”
policies could be considered as a kind of total allowable catch
(TAC) controls (Shen and Heino, 2014), and claimed that the do-
mestic marine catch should be equal to or lower than that of the
previous year’s catch. The summer fishing moratorium was im-
plemented to ensure that most species have a chance to spawn. It
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Fig. 8. Marine catches and fishing vessel power in Guangxi and
Hainan, China, from 1985 to 2018. Data were obtained from
China Fisheries Yearbooks from 1960 to 2018 (Fisheries Bureau
of Ministry of Agriculture and Rural Affairs of China, 2019).

extended for 2 months initially, but was prolonged to 3.5 months
in 2017 (Fig. 1). The “Double Control” system has been imple-
mented to control the total number engine-powered fishing ves-
sels and their total engine power. However, these strategies have
not had a good overall effect (Shen and Heino, 2014). Meanwhile,
other measures such as minimum mesh size regulation, the es-
tablishment of artificial reefs, fishery resource enhancement, and
aquatic germplasm resource protection areas have been imple-
mented to conserve fishery resources (Cao et al., 2017; Shen and
Heino, 2014).

Correlations between biological characteristics and metrics of
fishing pressure (Fig. 9) indicate that fishing pressure is the main
cause of the reduction in the number of large individuals and
shrinking body sizes of N. virgatus in the Beibu Gulf. The exploit-
ation rate in 2012 was the lowest since 1992 (Table 4), and the
downward trends in length indexes including mean body length
(Table 2), asymptotic length (Table 3), and standard length at
median sexual maturity (Fig. 6) also ceased in 2012. The results
are similar to those reported for E. cardinalis, which showed in-
creasing length indexes from 2006 to 2015 (Zhang et al., 2020a).
Heavy exploitation of fish stocks can induce responses in pheno-
typic traits (Conover and Munch, 2002; Kuparinen and Meril4,
2007), as reported for haddock (Melanogrammus aeglefinus) and
whiting (Merlangius merlangus) in the Firth of Clyde (Hunter et
al.,, 2015). Therefore, management measures that aim to reduce
fishing pressure may affect biological characteristics, given that
variations in phenotypic traits seem reversible. The phenotypic
plasticity of commercial fish species can reduce the economic
value of the catch and fishing yield (Eikeset et al., 2013), and
destabilize marine ecosystems (Pinsky and Palumbi, 2014).
These findings highlight the importance of understanding the
phenotypic plasticity of specific species like N. virgatus in fishery
management.
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Fig. 9. Correlation matrix for year, sea surface temperature
(SST), mean body length (MBL), asymptotic length (AL), percent-
age of large individuals (PLI, standard length >200 mm), fishing
mortality coefficient (FMC), and exploitation rate (ER) of Nemi-
pterus virgatus in the Beibu Gulf, and fishing power (FP) and
marine catches (MC) in Guangxi and Hainan, China; *, ** and ***
represent the significance of the correlation p<0.05, p<0.01 and
p<0.001, respectively.
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