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Introduction: The implementation of the 10-year fishing ban in the Yangtze River
has provided a crucial opportunity for the recovery of rare and endangered
diadromous species, such as Coilia nasus.

Methods: In this study, we utilized electronic length—frequency analysis
(ELEFAN) and length-based Bayesian biomass estimation (LBB) method to fit
the body length data of C. nasus from the Yangtze River Estuary and its adjacent
sea areas before and after the fishing ban (2019-2023), and the resource changes
of C. nasus population were evaluated. Additionally, combined the catch
production monitoring data from 2020 to 2022, we comprehensively analyzed
the impact of the Yangtze River fishing ban on the recovery of C. nasus resources.

Results: The results showed that: (1) The proportion of quantity, weight and
occurrence frequency of C. nasus in catches showed a significant increasing
trend year by year. (2) 4,994 C. nasus were caught from 2021-2023, with body
lengths ranging from 13-410 mm. In 2023, the average body length and weight
of C. nasus had increased by 39.93% and 133.89%, respectively, from those in
2021. (3) ELEFAN estimated that the growth parameters after fishing ban,
including asymptotic length, growth coefficient, and the theoretical age at
length zero, were determined to be 42.92 cm, 0.43 year®, and -0.31 year,
respectively. The total mortality rate, fishing mortality rate, and exploitation
rate were determined to be 1.47 year™?, 0.79 year™, and 0.54, respectively. (4)
LBB estimated that the relative fishing mortality of C. nasus before the fishing ban
increased from 1.22 in 2019 to 2.65 in 2020, while the relative biomass decreased
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from 0.34 to 0.22. After the fishing ban, the relative fishing mortality decreased
from 0.85in 2021 to 0.06 in 2023, and the relative biomass increased from 0.26
in 2021 to 0.90 in 2023, with a significant increase in 2022, indicating a clear
recovery trend in C. nasus resources.

Discussion: By quantifying the resource characteristics of C. nasus before and
after the 10-year fishing ban on the Yangtze River, this research revealed the
impact of the ban and provided a reference for future systematic evaluations of
the C. nasus population.
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10-year fishing ban, Yangtze River, Coilia nasus, ELEFAN, LBB, resource recovery

1 Introduction

The Yangtze River, the longest river in Asia with a basin rich
in fishery resources, is not only a representative of biodiversity but
also a cradle of freshwater fisheries in China. In recent decades,
aquatic biological resources have sharply declined owing to long-
term overfishing, construction of water conservancy projects, and
water pollution (Chen et al., 2009; Liu et al., 2019). Consequently,
the biological integrity index once plummeted to the lowest level,
indicating a state of “no fish” (Zhang et al.,, 2020; Chen T. et al,,
2020; Dong et al., 2023). The fish community within the river
basin has undergone significant changes, and many endemic and
rare aquatic species such as Lipotes vexillifer, Psephurus gladius,
Acipenser sinensis, and Acipenser dabryanus have become
functionally extinct. Since the late 1990s, the Yangtze River is in
a vicious cycle of ‘the fewer resources are caught, the worse the
ecology is caught, and the poorer the fishermen are caught’ (Chen
et al,, 2009; He et al.,, 2019; Chen et al., 2021). Thus, as part of
China’s intensive efforts to protect the Yangtze River and prevent
large-scale development, the 10-year fishing ban was officially
launched on January 1, 2020 and fully implemented on January 1,
2021 (Mei et al, 2020; Ma et al, 2022). This ban primarily
targeting the Yangtze River Basin, including the main stream,
the Yangtze Estuary, Poyang Lake, Dongting Lake, and the seven
tributaries that connect to it: the Dadu, Min, Tuo, Chishui, Jialing,
Wu, and Han River. The ban represents the most extensive and
strict management measures ever implemented in the basin.
Among them, the Yangtze River Estuary plays a crucial role in
the resource recovery of diadromous species. The ban is a critical
initiative for China to restore aquatic biological resources and
protect the ecosystem, and it can also serve as a reference for
global fisheries management and ecological conservation efforts.
Therefore, long-term monitoring and objective evaluation of
aquatic biological resources in the Yangtze River basin have
become important needs to assess the effectiveness of the fishing
ban. Currently, the effect of the 10-year ban on fishing in the
Yangtze River has been widely publicized in the world.
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Coilia nasus, an anadromous migratory fish species, has
historically been a significant target in the Yangtze River Basin,
known as one of the “Three Delicacies of the Yangtze River’ (Jiang
et al., 2023). In China, the Yangtze River Estuary and its adjacent
sea areas serve as the main habitats for C. nasus (Yuan, 1988;
Wang and Cui, 2019). According to ecotypes, the population of C.
nasus in the Yangtze River can be divided into two phenotypes:
freshwater residents (Coilia brachygnathus) and anadromous
migrants (C. nasus). Anadromous C. nasus has developed a
unique flavor and taste because of its distinct lifestyle habits,
which also makes it highly esteemed in the aquatic product market
and very popular among consumers. Therefore, this type has the
highest economic value and is the primary fishing target (Jiang
et al., 2020). Anadromous C. nasus grows and fattens in coastal
areas and undergoes spawning migration after reaching sexual
maturity. Mature adults initiate this journey in February each
year, moving from the near-sea waters toward the Yangtze River
Estuary, then ascending through the estuary to the spawning
grounds where they reproduce and lay eggs (Yuan et al., 1980).
The spawning period of C. nasus extends from late May to early
October each year. After completing the spawning process,
C. nasus adults move downstream with the current, and return
to the ocean. After hatching, juveniles live for a time at the
spawning ground, before eventually entering the ocean in
batches, carried by water currents (Yuan et al, 1980; Zhang
et al.,, 2005; Ge and Zhong, 2010; Guan et al., 2010).
Historically, the Yangtze River was abundant in C. nasus, with
the catch reaching 3,750 t in the 1970s (Zhang et al., 2005).
However, multiple factors such as long-term high-intensity
fishing, blocked migratory channels, and intensified water
pollution have resulted in a sharp decline in C. nasus resources
in the Yangtze River (Zhang et al., 2005; Jiang et al., 2022). The
migratory range has also greatly shortened, the distribution area
has progressively shrunk, and the catch in various river sections
has continued to significantly decline (Shi et al., 2009; Guan et al,,
2010; Ma et al., 2022). By 2016, the catch of C. nasus had decreased
to 3.7 x 10°kg, a decrease of 99.06% from the historical peak catch
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(Zhang et al.,, 2005; Xuan et al, 2021). Accordingly, the
management department implemented a series of measures to
alleviate fishing pressure, including reducing fishing time, issuing
fewer C. nasus fishing licenses since 2004, and establishing the
C. nasus National Aquatic Germplasm Resources Protection Area
on December 7, 2012 (Zhang et al., 2005; Dai et al., 2020).
However, stimulated by high profits, these measures have not
effectively reduced the fishing intensity. To protect C. nasus, the
Ministry of Agriculture and Rural Affairs stopped issuing special
fishing licenses for C. nasus, Coilia mystus, and Eriocheir sinensis
on February 1, 2019, and banned productive fishing of these
species. Subsequently, on Jan. 1, 2021, the comprehensive
implementation of the 10-year fishing ban and the extension of
the Yangtze River Estuary Fishing Ban Zone provided greater
protection space for the population restoration of endangered
species such as C. nasus. An objective evaluation of the impact of
the 10-year fishing ban in the Yangtze River on the recovery of the
C. nasus resources is crucial for further optimizing management
measures. However, due to the high similarity in phenotypes and
mixed habitat of Coilia brachygnathus and C. nasus, accurately
assessing the resource status of C. nasus presents a significant
challenge. Therefore, it is very important to select a reasonable
research area and apply appropriate assessment methods.

The scientific and accurate assessment of fishery resources is
crucial for formulating fishery management policies. Traditional
fishery assessment methods, such as the Beverton-Holt method,
often require multiple life-history parameters and age data
(Ralston et al., 2011; Hordyk et al., 2015). However, since more
than 90% of global fishery populations lack sufficient data, making
scientific assessments with traditional methods challenging
(Kindong et al., 2020). Over the past decade, several fishery
resource assessment methods based on limited data have been
developed and implemented. To some extent, these methods have
alleviated the pressure on fishery resource assessment due to the
lack of data to some extent (Goodwin et al., 2006; Cope and Punt,
2009; Punt et al., 2011; Phillips et al., 2015; Armelloni et al., 2021).
Among these, the electronic length-frequency analysis (ELEFAN)
and length-based Bayesian biomass estimation method (LBB) are
the simplest in terms of data requirements, requiring only
representative length-frequency data (LFD) to estimate
biological parameters and population resource status (Froese
et al,, 2018; Barman et al., 2021; Zhang et al., 2021a; Al-Mamun
et al., 2022; Kumar et al., 2022). These methods offer a rational
basis for the sustainable development of commercial fisheries and
effective fishery management (Cui et al., 2020; Ju et al.,, 2020). In
China, the ELEFAN method and LBB method have been widely
applied to assess the resources of various fish populations in
different maritime areas (Cui et al., 2020; Wang L. et al.,, 2020;
Wang Y. et al., 2020; Zhai et al., 2020). For an endangered species
such as C. nasus, traditional methods requiring extensive catch
data are not suitable, whereas the ELEFAN method and LBB
method can assess the resource status with limited data. At the
same time, by leveraging the life history characteristics of C. nasus,
the resource assessment in the Yangtze River Estuary and its
adjacent sea areas can fundamentally exclude the influence of
Coilia brachygnathus, thereby enabling a scientifically rigorous
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and effective reflection of the resource status of C. nasus, while also
evaluating the impact of the 10-year fishing ban in the Yangtze
River. In addition, following implementation of the 10-year
fishing ban in the Yangtze River, no reference catch production
monitoring data are available for the basin. Therefore, the
supplement of marine fishing data is very important for a
complete understanding of the impact of the fishing ban.

The purpose of this study is to objectively evaluate the effect of
the policy by analyzing the recovery of anadromous C. nasus
population from the perspective of the ocean outside the Yangtze
River estuary after the implementation of the 10-year fishing ban
policy in the Yangtze River, and to provide basic data for future
research on C. nasus population. The technical route is shown
in Figure 1.

2 Materials and methods
2.1 Survey area

The Yangtze River Estuary (Figure 2), extending inward, is
connected to the Yangtze River and its tributaries, as well as the
lakes and rivers that flow into it. Outward, it communicates with the
waters of the East China and Yellow Seas to form an area where land
runoft and seawater converge. Moreover, the estuary represents a
junction of various marine current systems, including the Subei
coastal current, the Taiwan warm current, and the Yellow Sea cold
water masses. Sea areas are rich in nutrients and bait organisms that
integrate the functions of spawning grounds, feeding grounds, and
nurseries (Li et al., 2015). The unique natural environment of the
Yangtze River Estuary fosters rich diversity of fishery biological
resources, including estuarine, marine, freshwater, and migratory
fishes (Chen Y. et al., 2020; Chen et al., 2021). As a vital migration
corridor for diadromous species in the Yangtze River basin, the
estuary is bifurcated by islands like Chongming Island into distinct
northern and southern branches. These branches show notable
variations in topography, hydrological features, and environmental
factors, which substantially affect the distribution and abundance of
fishery resources (Zhai et al., 2023).

2.2 Data sources

The body length data for this study were collected from
sample collections and scientific papers. Sample collection areas
A and B utilized stow nets for fishing. The length of the opening
rope was 26 m and 22 m, the length of the side rope was 24 m and
5.5 m, the total stretched length of the net was 60 m and 32 m, and
the mesh size was 20 mm and 25 mm for areas A and B,
respectively. The nets were secured by a stake that was firmly
wedged into the seabed, and they were equipped with two
bamboo beams to regulate the horizontal expansion of the net
mouth. The vertical expansion of the net mouth was sustained by
the buoyancy of the top beam and the adhesive force of the
bottom beam (Xiong et al., 2017a; Qin et al., 2024). The data for
area C were read off from scientific papers (Ma et al., 2022). The
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FIGURE 1

The technical route of this study. The black bold arrows indicate the introduction of data sources or the introduction of formulas here. The red
dotted arrow indicates that the output result is fed into the new model as initial data. The red bold arrows indicate the output result. F represents the
formula used in the fitting. Such as, F (6) denotes the calculation according to Formula 6.

sampling gear used were gillnets, consisting of multiple
rectangular nets linked together and typically set up in fish
migratory channels, which catch fish by winding around or
piercing (Li et al., 2009; Xiong et al., 2017b). The gillnet used in

this study had a mesh size of 40 mm, a length of 150 m, and a
height of 12 m (Ma et al., 2022).

C. nasus samples were collected in accordance with the
Technical Specifications for Marine Fishery Resources Survey.
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Map of the survey area. Grid delineates the survey area. The red area designates the core zone of the C. nasus reserve; the pink area signifies the
experimental zone of the same reserve. The area bounded by the red line and to the left of the red line shows the Yangtze River Estuary Fishing Ban
Zone; the area to the right of the red line shows the allowable fishing area.
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The collected samples were cryogenically preserved and
transported to the laboratory for biological analyses, which
included measuring body length and body weight, determining
sex, and assessing gonadal development stages (I-VI). Body
length and weight measurements accurate to 1 mm and 0.1 g,
respectively. A total of 4,994 samples of C. nasus were collected.
And the specific data sources and body length data were recorded
in detail in Table 1 and Supplementary Material S1. In addition,
we also collected catch production monitoring records from the
same commercial fishing vessel in area B in April each year from
2020 to 2022, and extracted the relevant data of C. nasus. Details
of the catch production monitoring data can be found in
Supplementary Material S2.

2.3 Data analysis

2.3.1 Catch production monitoring data analysis
The number percentage, weight percentage, and occurrence
frequency of C. nasus captured from 2020 to 2022 were calculated

as follows:
N%:{j;xlOO% (1)
W%:M"}/;XIOO% (2)
F%= FF—T x 100 % (3)

where N% is the percentage of the total number of C. nasus in
relation to the total number of fish species caught, W% is the
percentage of the total weight of C. nasus in relation to the total
weight of all fish species caught, and F% is the percentage of
occurrences of C. nasus in relation to the total number of
fishing trips.

2.3.2 Marine investigation data analysis
The body length-weight relationship of C. nasus was calculated
using the following formula:

W =alLl (4)

TABLE 1 Basic data information of C. nasus in survey areas.

Individual
number

Year

Survey

Survey period
area

10.3389/fmars.2024.1474996

where W is the body weight of C. nasus, L is the body length of
C. nasus, a is the growth condition factor, and b is the
power exponent.

2.3.3 Electronic length—frequency analysis

ELEFAN is a method for deriving von Bertalanffy growth
function parameters from the LFD (Mildenberger et al, 2017).
ELEFAN has been integrated with R statistical computing software
to create the TropFishR package, which offers both traditional and
updated versions of ELEFAN, as well as new optimization
techniques. In this study, two optimized ELEFAN algorithms
were used to fit the seasonally oscillating von Bertalanffy growth
function: “Simulated Annealing” (ELEFAN-SA), and “Genetic
Algorithm” (ELEFAN-GA). The best fit method (Rn_max) was
used for further analyses:

R, = ESP/ASP (5

where ESP is the sum of the explainable peaks, ASP is the sum of
the available peaks, and R,,,,, is the best fit (Pauly, 1985).

The optimal bin size (OBS), which can effectively reduce the
estimation bias, was determined using the following formula (Wang
K. et al., 2020):

OBS = 0.23 x L3S, (6)

where OBS is the optimal bin size, and L,,,, is the maximum
body length of the fish.

The ELEFAN-SA and ELEFAN-GA methods use restructured
data in combination with the seasonally oscillating von Bertalanffy
growth function for analysis (Pauly and Morgan, 1987):

L= Lys{1- e—[K(t—to)+S<t>—S(to>]} (7)
where S(t)=Ksin2I1(t-TS)] and S(ty) = $Ksin21T

(S, = TS)]. Cis the constant for the amplitude of the oscillation
(with a value range of 0-1), and TS is the phase that regulates the
seasonal oscillation (with a value range of 0-1).

The total mortality rate (Z) was estimated based on the length-
converted catch curve, and the natural mortality coefficient (M) was
determined using Pauly’s empirical formula (Pauly, 1980):

IgM = ~0.0066 — 0.279IgL;, + 0.6434IgK +0.4634IgT  (8)

Length range Use of nets  Source

(mm)

Analytical
way

A 2021 March-April & December 2,417 13-361 ELEFAN, LBB stow net Original survey data
2022 February-May & 2,217 51-347 ELEFAN, LBB stow net Original survey data
November-December
B 2023 March-April & 360 95-410 ELEFAN, LBB stow net Original survey data
September-December
C 2019-2020 March-June 3,210 113-406 LBB gillnet Ma et al. (2022,
Figure 2 therein)

The length-frequency data of C. nasus used in area C are from Ma et al. (2022).

ELEFAN, electronic length-frequency-frequency analysis; LBB, length-based Bayesian biomass estimation.
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where L;,¢ is the asymptotic body length, K is the growth
parameter, and T is the annual average temperature of the habitat
for C. nasus. The average habitat temperature for C. nasus in 2021
and 2022 was 14.2°C. The average habitat temperature was obtained
from National Oceanic and Atmospheric Administration (2022)
Ocean Watch, with a spatial resolution of 1° and a temporal
resolution of months (https://oceanwatch.pifsc.noaa.gov).

The fishing mortality coefficient (F) was calculated as follows
(Wang et al,, 2021):

F=Z-M 9)

The fishery development rate (E)was calculated as follows
(Wang et al,, 2021):

E=F/Z (10)

2.3.4 Length-based Bayesian biomass estimation

Compared to ELEFAN, the LBB method is more accurate, using
the ratios of total mortality and fishing mortality to growth rate in
the estimation process instead of fixed values for K, M, and Z. Here,
we only list the main reference formulas; the R code was
downloaded from http://oceanrep.gemar.de/44832/. Similar to
ELEFAN, we assumed that fish growth followed the von
Bertalanffy growth equation (von Bertalanfty, 1938; Beverton and
Holt, 1957), as follows:

Ly = Liy[1 — e (11)

where L;,s is the asymptotic length at which the fish reaches
maturity, K is the growth coefficient, ¢ is the age of the fish, and ¢, is
the theoretical age at which the fish would be at zero length.

When the commercial catch is fully selected by a specific fishing
gear, the length—frequency curve of the catch can be described as a
function of Z in relation to the length growth rate:

L-L \2/K
Ni = Nigar (L L ) (12)

mf*Lsmrt

where N is the number of fish surviving at length L, Ny, is
the number of fish fully selected at length Ly, with all individuals
entering the net being retained, and Z/K is the ratio of Z to the
growth parameter.

Here, assuming that fish were caught in a stow net, the
selectivity can be expressed by the following functions:

Sy = (13)

Tre T

where Sy is the proportion of individuals of length L captured by
the fishing gear, L. is the length at first capture, and a indicates the
steepness of the net’s selectivity curve.

The parameters Ly, L., a, M/K, and F/K were estimated using
the following equations (Froese et al., 2018):

Liy-L \ TS
N =N, SL‘F<LWLH) (14)
CLi =NLxSLi (15)
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where Ny, is the number of individuals in the length group L;,
N, , is the number of individuals in the previous length group, and
Cy, is the number of individuals caught in the length group L;.
The length distribution P 1, predicted by the LBB model was
expressed by the following equation:
N,

LE3N, (16)

p

where N, is a function of the estimable population dynamic
determents L;,.

By substituting L;,, M/k, and M/F into Equations 17, 18, we

obtained the optimal length L, for unexploited generations with

opt
maximum biomass, as well as the optimal catch length Lc,

Lopt = Linf (ﬁ) 17)

_ L (2434)

Le, = )y (18)

The relative unit supplement yield Y/R was given by the
following equation:

3(1-Lc/Liny)
T 1+1/(M/K+F/M)

(-L/Liwy)
1+3/(M/K+F/M)]

3(1-L /L)’

" F/M M/K
L= (1= L /L)X 1 T2/ /KAF/M)

R~ 1+F/M

(19)

Assuming that the catch per unit of fishing effort was
proportional to the population biomass, and that fishing mortality
was directly proportional to fishing effort, dividing both sides of
Equation 19 by F/M resulted in the following equation:

CPUE _ % _ 1 M/K 3(1-Lc/Liny) 3(1-L¢/Liy)’
R % T 1+F/M a- LL‘/Liﬂf) / [1 T T1/(M/K+F/M) T 1+2/(M/K+F/M) (20)
(-L/Lig)*
1+3/(M/K+F/M)]
When F=0, the relative biomass expression is:
Blo>L, _ (1 _ M/K |7 30-Le/Liy) | 30-Le/Liy)  (=Lc/Liny)?
= (U Le/La)™ T 1= S5 4 T Tz 21

where B, is the initial biomass. The biological reference point B/
B, of the developed stock can be expressed as follows:

B =i (22)

where B is the current biomass. When F, M, L., and LC@[ are
equal, the ratio of the biomass corresponding to the maximum
sustainable yield to the initial biomass can be obtained by
recalculating Equations 19-22.

3 Results
3.1 Statistical results
3.1.1 Resource proportion of C. nasus
According to the survey data in April from the Yangtze River

Estuary and adjacent sea areas, the number percentage, weight
percentage, and occurrence frequency of C. nasus showed a
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continuous upward trend from 2020 to 2022, indicating recovery of
C. nasus resources (Table 2).

3.1.2 Body length and weight characteristics
of C. nasus

Based on measure body length and weight data, fitting was
performed to derive the length-weight relationship curves of
C. nasus for 2021-2023. The regression parameter b for the
length-weight relationship was consistently greater than 3,
indicating a positive allometric growth pattern. All fitting
degrees of determination were greater than 0.89, suggesting a
strong correlation and a good fit (Figure 3). During the three-year
period, the average body length and weight of C. nasus increased
annually (Table 3). The gonadal development stage was mainly in
stage II, and the proportion of stage II individuals in 2021, 2022,
and 2023 was 83.7%, 86.1%, and 79.5%, respectively. The ratio of
female to male was 1:1.28, 1:1.14, and 1.87:1, respectively.

TABLE 2 The proportion of C. nasus caught during the fishing season
(April) outside the Yangtze River Estuary Fishing Ban Zone from
2020-2022.

Year N% W% F%
2020 036 037 ‘ 25
2021 1.85 1.50 ‘ 42
2022 5.23 5.54 ‘ 100

N%: percentage of the total number of C. nasus in relation to the total number of fish species
caught; W%: percentage of the total weight of C. nasus in relation to the total weight of all fish
species caught; F%: percentage of occurrences of C. nasus in relation to the total number of
fishing trips.

10.3389/fmars.2024.1474996

3.2 Model Evaluation

3.2.1 Population parameters estimated based
on ELEFAN

According to the calculation results of Equation 6, the OBS for
the LFD of C. nasus was determined to be 1 cm. After setting the
moving average to 11 (Figure 4), and applying both methods, the
ELEFAN-GA (R, =0.32) fitting outcome was superior
(Figure 5). The ELEFAN-GA results from 2021-2023 indicated
that Li,,f was 42.92 cm, K was 0.43 year’l, and the theoretical age at
length zero (t,) for 2021-2022 was -0.31 year. Additionally, Z from
2021-2022 was 1.47 year™', F was 0.79 year', E was 0.54.

3.2.2 Population parameters estimated based
on LBB

We then combined the L;,; = 42.92 cm and M/K = 1.57 values
obtained by the ELEFAN method, as prior information, with the LBB
method, and estimated that the asymptotic length (L;,) of C. nasus
captured from 2019-2023 was 38.7-43.3 cm, and LC@: were 19-26 cm
(Table 4; Figure 6). Z/K, F/K and M/K generally declined, indicating a
decreasing impact of fishing pressures. The relative biomass (B/B,) of
the C. nasus population gradually increased, indicating a recovery
trend. The ratio of biomass at maximum sustainable yield to initial
biomass (B/Bysy) increased from 0.5 in 2019 to 2.4 in 2023, indicating
that the C. nasus population gradually recovered from an overfished
state to healthy (Table 4; Figure 7).

4 Discussion

Both the ELEFAN and LBB methods are advantageous in that
they minimize data requirements (Shi et al, 2022), enabling a
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FIGURE 3
Length—weight relationship of C. nasus from 2021-2023.
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TABLE 3 Composition of body length and weight of C. nasus from 2021 to 2023.

Body length Weight

range (g)

Average body
length (mm)

range (mm)

Average
weight (g)

Dominant length Number
group (mm) and

percentage (%)

Dominant weight
group (mm) and
percentage (%)

2021 13-361 0.9-176.6 165.68 + 59.61 16.79 + 22.51 91-225 (79.31%) 0-30 (83.08%) 2,417
2022 51-347 0.3-143.0 163.26 + 61.43 19.30 + 20.98 76-240 (88.90%) 0-40 (84.08%) 2,217
2023 95-410 1.7-181.3 231.84 +73.95 39.27 + 36.35 151-315 (74.44%) 0-70 (82.22%) 360

reasonable assessment of the population status of C. nasus. The
ELEFAN method is a technique for inferring the stock status of a
population by analyzing the length-frequency distribution of
captured fish. Since its development, FiSAT II software has
become the preferred tool for conducting ELEFAN analyses and
has been widely applied across various fisheries worldwide (Ye et al.,
20145 Osei et al,, 2021). After the development of the TropFishR
package, fixed applications within the FiSAT II software were
optimized, leading to the formation of a comprehensive suite of
methods for fishery analysis using LFD, such as: ELEFAN-SA and
ELEFAN-GA (Korkmaz et al., 2023). Similar to the ELEFAN
method, the LBB method use LFD as the initial input for
population assessment (Zhang et al., 2021b). Moreover, the
ELEFAN method can offer effective prior information for the LBB

method, thereby improving the precision of its estimation outcomes
(Ziegler et al,, 2011). In the LBB method, the default M/K values can
be replaced by alternative values according to different life histories
among populations. Choosing M/K values within the range of 0.3-
3.0 has a minimal impact on relative biomass estimates (Froese
et al., 2018). Therefore, we applied the management reference
points L;, (42.92 cm), M (0.68 year'), and K (0.432 year™')
estimated using the ELEFAN method as prior information for
LBB estimation, thereby correcting the fixed default value of M/K
and enhancing the accuracy and credibility of the LBB estimation
results. In this study, we measured the whole length data of 4,494
individuals of C. nasus over a period of 3 years, representing the
recent population composition of this species. Consequently, the
collected data meet the requirements of both methods. In addition,
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Visualization of C. nasus length—frequency data. (A) Originally measured body length frequency data (B) Recombined body length frequency data for

MA = 11.
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The seasonal VBGF fitted to length frequency distribution of C. nasus using ELEFAN-SA and ELEFAN-GA algorithms.

the estimation results are suitable for fishery management and can
be used directly as prior information for other assessment methods.

Fishery production data reflect the growth conditions of
organisms to a certain extent (Geng et al, 2019). The data
collected during April over three consecutive years (2020-2022)
indicate that, after implementation of the 10-year fishing ban on the
Yangtze River, the relative proportion of C. nasus in the catch
increased. Both its weight proportion and number of individuals
increased considerably, from less than 1% to over 5%. The average
body length and weight also showed a consistent annual increase,
indicating a clear resource recovery trend (Table 2). Fish growth

parameters indicate not only their growth and survival status but
also habitat suitability to a certain degree (Han et al, 2017). The
biological data of C. nasus from 2021-2023 also revealed consistent
outcomes: the distribution of body length and weight became more
uniform. An increase in the number of larger-sized individuals was
also observed, alongside an increase in both the average body length
and average weight of the population. C. nasus has a relatively short
life cycle and is highly sensitive to fishing pressure, necessitating a
lengthy recovery period following resource depletion (Zhang et al.,
2005). However, following implementation of the 10-year fishing
ban and the expansion of the Yangtze River Estuary Fishing Ban

TABLE 4 Parameter estimates and 95% confidence intervals for each year were obtained using the LBB method in this study.

2019 2020
Lipax (cm) 40.6 39.7
Leope (cm) 26 26
Lins (cm) 42.9 (42.2-43.7) 43.0 (42.1-43.9)
F/K 4.71 (4.06-5.49) 10.1 (7.77-11.50)
Z/IK 6.28 (5.67-7.09) 11.80 (9.36-13.20)
F/M 3.03 (2.55-3.62) 5.95 (4.56-6.99)
Y/R (gr) 0.04 (0.027-0.045) 0.02 (0.014-0.025)
B/By 0.18 (0.141-0.233) 0.12 (0.080-0.148)
B/Busy 0.50 (0.39-0.64) 0.33 (0.22-0.41)

Stock status Fully/overfished stocks

Stocks outside of safe biological limits

2021 2022 2023
36.1 347 41.0
23 19 19

433 (42.2-44.1)
1.35 (1.12-1.56)
2.94 (2.76-3.10)
0.85 (0.63-1.07)
0.03 (0.021-0.041)
0.26 (0.176-0.345)
0.71 (0.49-0.95)

Recovering stocks

38.7 (38.0-39.8)
0.43 (0.28-0.74)
2.05 (1.95-2.23)
0.27 (0.16-0.53)
0.02 (0.010-0.048)
0.59 (0.266-1.310)
1.60 (0.73-3.59)

Healthy

39.8 (39.1-40.4)
0.08 (0.04-0.15)
1.33 (1.21-1.44)
0.06 (0.03-0.13)
0.01 (0.004-0.025)
0.90 (0.302-2.160)
2.40 (0.80-5.74)

Healthy

Refer to Froese et al. (2018) and Zhai et al. (2022) for the definition of fish stock status. L,,,.,: maximum body length; L,: length at first capture; L, optimal catch length; L;,: asymptotic body
length; F/K: ratio of fishing mortality coefficient to growth parameter; Z/K: ratio of total mortality rate to growth parameter; F/M: ratio of fishing mortality coefficient to natural mortality
coefficient; Y/R: relative unit supplement yield; B/By: relative biomass; B/Bysy: ratio of biomass at maximum sustainable yield to initial biomass.
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FIGURE 6

Estimation results of the length-based Bayesian biomass estimation (LBB) method for C. nasus from 2019-2023 (A—E). Left figure shows the LFD, a
priori asymptotic body length (L), and ratio of total mortality to growth rate (Z/K) estimated from LFD. Right figure shows the results of fitting the
LBB master equation to LFD.

Zone, the high-pressure fishing activities that previously threatened ~ has decreased considerably. Furthermore, we observed the fish
season of C. nasus, which was not observed during overfishing.

In the study, the C. nasus had an obvious fishing season, which

the resources of C. nasus in the Yangtze River Basin have completely
ceased. This has greatly reduced fishing pressure on C. nasus,
began at the end of February and extended through May.
This finding aligns with historical data on the timing of the
fishing season (Yuan et al, 1980; Liu et al, 2012). The

allowing breeding adults to smoothly enter the spawning grounds,
thereby increasing the recruitment of the population. Concurrently,
the mortality rate of young fish attributed to bycatch in eel fry nets
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Continuous estimation results of C. nasus from 2019-2023 using the LBB method. (A) Average capture length/optimal length for unexploited
generations with maximum biomass (Lmean/Lopt; Solid black line) and length at first capture/optimal catch length (Lo/Lcop; dashed black line).

(B) Fishing mortality coefficient/natural mortality coefficient (F/M; solid black line) and its 95% confidence interval (dashed black line), with a reference
line (solid green line) indicating the point where F = M. (C) Relative biomass of the C. nasus population (B/By; solid black line) and its 95% confidence
interval (dashed black line). Biomass (B) value for F = M and optimal L. is shown by the dashed green line, whereas that for an alternative ratio of
biomass at maximum sustainable yield to initial biomass of 0.5 is shown by the dashed blue line.

reappearance of migratory C. nasus in the Xiangjiang River of
Hunan Province in 2023 substantiates the profound impact of the
decade-long fishing moratorium on the conservation of this species.

In this study, sample data of C. nasus, collected following
implementation of the fishing ban, were used to estimate the
population status via the ELEFAN method. With the fishery
development rate of 0.54, indicating that the effects of historical
overfishing are still present. Although the early phase of the Yangtze
River’s 10-year fishing moratorium demonstrated a nascent recovery
in the number and resource status of C. nasus, a prolonged period of
recovery is still essential (Jiang et al., 2022; Ma et al., 2022). Moreover,
the estimation results of the LBB method provided further details.
Between 2019 and 2023, C. nasus resources exhibited a fluctuating
upward trend. Except for a minor decline in 2020, the relative

biomass of C. nasus has increased annually, demonstrating a
positive recovery trend. Although the issuance of special fishing
licenses for C. nasus ended in the Yangtze River Basin in 2019, the
resource volume did not significantly increase in the subsequent
period, which may be attributed to the high-intensity fishing activities
that still persist in the Yangtze River Basin. Fishing activities, such as
eel fry fishing, may impede the recovery of C. nasus populations
(Zhang et al,, 2005). In China, the period in which eel fry are usually
caught, between January and April, significantly overlaps with the
migration of young C. nasus for feeding (Ge et al., 2013). The Yangtze
River Estuary is the main migration channel and primary area for eel
fry fishing (Wang S. et al., 2023). During the eel fry fishing season,
numerous eel fry nets are deployed in the Yangtze River Estuary area,
where young C. nasus enter the nets with the tide, resulting in a large

TABLE 5 Parameter estimates and 95% confidence intervals obtained using the length-based Bayesian biomass estimation (LBB) method in

previous studies.

2006 2011 2019-2020 2021
Ly (cm) 35.0 334 16.2 36.1
Liyy (cm) 382 387 17.1 433
F/K 0.44 (0.23-0.72) 2.28 (1.76-2.64) 1.5 (1.16-2.19) 1.35 (1.12-1.56)
Z/K 1.67 (1.53-1.79) 3.68 (3.43-3.95) 2.21 (2.00-2.53) 2.94 (2.76-3.10)
F/M 0.36 (0.17-0.76) 1.62 (0.93-2.11) 0.55 (0.35-0.90) 0.85 (0.63-1.07)
Y/R (gr) 0.04 (0.01-0.09) 0.057 (0.028-0.084) 0.110 (-0.460 to 1.200) 0.03 (0.021-0.041)
B/B, 0.63 (0.16-1.40) 0.26 (0.13-0.39) 0.08 (-0.33 to 0.86) 0.26 (0.176-0.345)
B/Busy 1.7 (0.42-3.80) 0.71 (0.35-1.10) 0.17(-0.72 to 1.90) 0.71 (0.49-0.95)
Stock status Healthy Fully/overfished stocks Stocks outside of safe Recovering stocks

biological limits

Source Zhai et al. Zhai et al. Zhai et al. This study

Refer to the LBB estimation results of Zhai et al. (2022). L,,,4,: maximum body length; Lj,: asymptotic body length; F/K: ratio of fishing mortality coefficient to growth parameter; Z/K: ratio of
total mortality rate to growth parameter; F/M: ratio of fishing mortality coefficient to natural mortality coefficient; Y”/R: relative unit supplement yield; B/By: relative biomass; B/Bsy: ratio of

biomass at maximum sustainable yield to initial biomass.
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number of deaths (Zhang et al., 2005). Multiple studies have indicated
that young C. nasus often become a dominant bycatch species during
eel fry fishing (Ge et al, 2013; Deng et al., 2023; Yan et al,, 2024).
Consequently, despite the cessation of specialized fishing for C. nasus,
eel fry fishing activities may still affect the recovery of the C. nasus
population to some extent. After the full implementation of the 10-
year fishing ban in the Yangtze River in 2021, eel fry fishing was
prohibited within the Yangtze River Estuary Fishing Ban Zone,
allowing the early recruits of C. nasus to pass through the area
smoothly improving its survival rate and increasing the amount of
C. nasus resources.

Fish resources are affected by many factors, such as fish
adaptability, germplasm characteristics and habitat environment
(Meffe, 1986; Yang et al., 2014; Duarte et al., 2020). The population
of C. nasus is primarily affected by its own reproductive capacity and
environmental factors (Zhang et al., 2005). C. nasus individuals can
reach sexual maturity at two years of age and have a strong
reproductive capacity, allowing rapid population increases and
demonstrating significant potential for resource recovery (Song
et al., 2022). Since the Yangtze River Protection Strategy was
proposed in 2016, there has been a strengthening of river
management along the Yangtze River and water source
management, which collectively contributed to a significant and
comprehensive improvement in the ecological environment of the
Yangtze River Basin (Dong et al., 2024). The spawning and hatching
habitats of C. nasus are located within the Poyang Lake and Dongting
Lake (Xuan et al., 2020; Jiang et al., 2022). The improved habitat not
only boosts the survival rate of C. nasus eggs but also provides an
excellent feeding environment for larvae and juveniles, thereby
increasing the resources of the early supplementary population of
C. nasus. Moreover, as a high trophic level consumer in the Yangtze
River, the trophic level of C. nasus increases with body length (Deng,
2023; Liu et al., 2023). There are fewer fish that prey on C. nasus in
the river, and the resources for adult C. nasus are well protected.
These factors contribute to the possibility of maintaining a stable
population structure and a continuous increase in resources as
showed in this study. The relative biomass of C. nasus in 2022
doubled from that in 2021, likely because of the accumulation of
population resources prior to this period. Additionally, the expansion
policy implemented in the Yangtze River Estuary Fishing Ban Zone
on November 20, 2021, provided a wider range of protection for
young C. nasus that year. In 2022 and 2023, the relative biomass
increased by 3.3 times and 4 times than in 2021, respectively, and the
population assessment results of C. nasus were in a healthy state.
However, the proportion of young C. nasus below age 1 caught
during 2022 and 2023 was low, so the lack of assessment of young
C. nasus possibly cause an overestimation of the population state in
our study. In the future, it is necessary to increase the survey
frequency of young C. nasus as they return from the spawning
grounds to the sea, in order to better assess the population dynamics.

Table 5 illustrates that Zhai et al. (2022) used the LBB method to
evaluate the historical resource status of C. nasus. In contrast, the
results of this study on the population status of C. nasus in 2021 are
similar to those of 2011 (Tables 4, 5), which reflects that the utilization
intensity of C. nasus resources has decreased and its resource
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sustainability has increased. However, the F/M in 2011 was
significantly higher than that in 2021, suggesting that the excessive
fishing pressure during 2011 was the primary cause for the population
decline, a factor closely tied to the geographical locations of the two
study areas. Numerous studies have shown that the distribution of
C. nasus is significantly influenced by environmental factors such as
temperature, water depth, and salinity. Specifically, in the Yangtze
River Estuary, C. nasus is predominantly found in areas with water
depths exceeding 10 meters, where the temperature is relatively high
and salinity fluctuations are minimal (Guo et al, 2016; Tong et al,
2018). The northern branch of the Yangtze River Estuary is
characterized by shallow water depths and significant salinity
changes. Therefore, the resources of C. nasus in the southern branch
of the Yangtze River Estuary are usually significantly higher than those
in the northern branch, and fishing vessels are more inclined to catch
C. nasus in the southern branch of the Yangtze River Estuary. The
survey area in 2011 of Zhai et al. (2022) for C. nasus was situated in the
southern branch of the Yangtze River Estuary, where fishing pressure is
higher. This aligns with our research findings. Moreover, the study also
indicates that the implementation of the 10-year fishing ban along the
Yangtze River and the expansion of the Fishing Ban Zone in the
Yangtze Estuary have had a positive impact on the recovery of
diadromous fish species, including C. nasus. Currently, in the early
stages of the fishing ban, aquatic biological resources have been
effectively protected and have shown notable recovery. The index of
aquatic biological integrity has improved markedly from pre-ban levels
(Meng et al., 2023; Wang Y. et al,, 2023; Luo, 2024; Yang et al., 2024).
Therefore, the study advocates for the implementation of long-term
monitoring and research on diadromous fish populations with a
particular emphasis on important migration channels as the adjacent
marine areas of Yangtze River Estuary Fishing Ban Zone. It will enable
a scientific assessment of resource changes and facilitate the timely
adjustment of management measures in ocean, especially for C. nasus,
and help to accelerate the recovery of C. nasus from its
endangered status.
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