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The comprehensive ten-year fishing ban implemented in the Yangtze River on January 1, 2021, represents a critical ecological conservation measure and national strategic priority in China. Assessment of the ban’s effectiveness is essential to guide future long-term conservation efforts. This study systematically analyzed changes in the stock structure and biomass dynamics of Coilia nasus in the Yangtze River-Poyang Lake waterway and adjacent waters from 2019 to 2024 using the Length-Based Bayesian Biomass (LBB) method. Results showed a notable improvement in age structure, with the proportion of four-year-old individuals increasing from 3.2% in 2020 to 17.2% in 2024, effectively reversing the previous trend toward younger, smaller fish. The average body length and weight increased significantly, from 271.20 ± 38.44 mm, 68.52 ± 33.26 g in 2019 to 305.53 ± 37.99 mm, 88.02 ± 32.01 g in 2024 (P < 0.05). The dominant size classes shifted step by step, from 250 – 260 mm, 50 – 60 g in 2019 to 330 – 340 mm, 120 – 130 g in 2024. According to the LBB model, the relative biomass (B/B0) increased from 0.17 to 0.68, and biomass relative to the maximum sustainable yield (B/Bmsy) rose from 0.48 to 1.9, demonstrating a transition in the stock status from “outside of safe biological limits” to “healthy” from 2019 to 2024. These trends, along with increases in the Lmean/Lopt, Lc/Lcopt ratios and other indexes, highlight improvements in size structure and a greater presence of larger individuals. In addition, the fishing mortality to natural mortality ratio (F/M) markedly declined from 2.6 in 2019 to 0.37 in 2024, underscoring the substantial alleviation of fishing pressure under the ban. To further validate these findings, SPR was estimated using the LBSPR model, increasing from 0.19 to 0.42 and suggesting improved reproductive sustainability. These findings provide strong evidence that the fishing ban has played a critical role in the stock recovery of C. nasus and mitigating the effects of overfishing.
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1 Introduction

The Yangtze River, the world’s third-longest and the longest river in Asia, is China’s “Mother River”. It represents not only a symbol of biodiversity but also serves as the principal cradle of freshwater fisheries in China. At its peak, the river annually yielded around 450,000 tons of fish, accounting for 60% of China’s freshwater fish production (Chen, 2003). In recent decades, the biological integrity index of the Yangtze River Basin declined sharply, reaching its lowest level and indicating a state of “no fish” due to overfishing, pollution, and large-scale water infrastructure development (Zhang et al., 2020; Chen et al., 2020; Dong et al., 2023). In December 2019, China’s Ministry of Agriculture and Rural Affairs announced a comprehensive ten-year fishing ban, effective January 1, 2021. This ban prohibits any commercial fishing of natural aquatic resources in the Yangtze River and its connected water bodies, including Poyang Lake, Dongting Lake, and others tributaries (Mei et al., 2020; Ma et al., 2022).

Poyang Lake is the largest freshwater lake in China and one of the only two major natural lakes hydrologically connected to the Yangtze River, characterized by complex hydrology, rich biodiversity and abundant water resources. It functions as a critical ecological nexus, maintaining fishery resources across the entire Yangtze River Basin. The lake’s fish species account for about 17% of China’s freshwater fish and 45.4% of those in the Yangtze River system (Liu et al., 1999). In addition to sustaining numerous native species, it serves as a crucial spawning, feeding, and nursery ground for many commercially valuable and threatened migratory fish species, including but not limited to Acipenser sinensis, C. nasus, and Anguilla japonica (Jiang et al., 2013).

Coilia nasus, an anadromous migratory fish species, is primarily distributed around Japan and the Korean Peninsula, and in China, it inhabits the East China Sea, Bohai Sea, and Yellow Sea, as well as in the middle and lower reaches of rivers and lakes connected to the marine areas. This species typically reaches sexual maturity at approximately age one. Recognized as a critically important migratory species and economically valuable flagship fish in the Yangtze River basin, it is known as one of the “Three Delicacies of the Yangtze River” along with Tenualosa reevesii and Takifugu obscurus. Each year, C. nasus migrates upstream from the East China Sea in mid-April, passing through the Yangtze River estuary into Poyang Lake, with the number of migrating individuals reaching a peak in late June (Kong et al., 2024). From the late 1950s to the early 1970s, the catches of C. nasus in the Yangtze River increased steadily (Yuan, 1988), peaking at approximately 4,142 tons in 1973 (Dai et al., 2020). However, by the 1980s, the average annual catch had declined to approximately 2,904 tons. It plummeted to 673 tons between 2001 and 2005, and continuously reduced to less than 30 tons in 2002 (Zhen et al., 2012; Jiang et al., 2014, 2016; Zhu et al., 2017; Shi et al., 2009). From 2010 to 2013, the average catch further decreased to 116.6 tons, an 86.40% reduction from the 1990s and a 95.98% decline from the 1970s (Xu et al., 2016). Concurrently, the C. nasus population demonstrated a significant demographic shift toward younger age classes and smaller body size (Jiang et al., 2017; Zhu et al., 2017) and was subsequently listed as an endangered species by the IUCN (Hata, 2018). The dominant age of spawners, which previously was 2 – 3 years old in the 1970s, had shifted to 1 – 2 years by 2018 (Luo et al., 2021). To curb the trend, the Chinese government ceased issuing special fishing license for C. nasus on February 1, 2019. Consequently, the effectiveness of these policies and the stock recovery of C. nasus should be appropriately evaluated to guide subsequent conservation efforts in the Yangtze River Basin.

Scientific and accurate assessments provide a critical foundation for developing effective fisheries management policies. Since many of the fishery resources around the world lack sufficient data, such as age, life-history parameters and so on, it is challenging to evaluate them using conventional assessment methods. Over the past decade, stock assessment models specifically designed for data-limited conditions have attracted significant attention worldwide. Simultaneously, advancements in computational modeling techniques and interdisciplinary collaboration have significantly accelerated research progress in this area (Shi et al., 2020; Geng et al., 2018; Shi et al., 2021). Currently, two primary methods are commonly applied to assess the resource status with limited data. The first is the Maximum Sustainable Yield (MSY) model, which estimates the highest sustainable yield using catch data and supplementary information (Ju et al., 2020b; Liang et al., 2020; Zhai et al., 2020). The other utilizes length-frequency analysis (Liang et al., 2020). Representative length-based approaches include the traditional Electronic Length Frequency Analysis (ELEFAN) and its updated versions based on stochastic optimization algorithms, such as ELEFAN-GA (genetic algorithm) and ELEFAN-SA (simulated annealing), which are implemented in the TropFishR package in R. These updated versions offer improved flexibility and accuracy in estimating growth parameters, particularly under data-limited conditions. In addition to ELEFAN, the Length-Based Spawning Potential Ratio (LBSPR) model is also widely applied in length-based assessments. This method estimates spawning potential and fishing mortality based on life-history traits and length-frequency data, and is particularly useful for evaluating the sustainability of exploited fish populations (Froese et al., 2018). Furthermore, we employed the Length-Based Bayesian Biomass (LBB) model, which integrates length-frequency data with Bayesian Markov Chain Monte Carlo (MCMC) algorithms to estimate critical stock parameters including Linf (asymptotic Length), Lmean/Lopt (mean length to optimal length ratio), Lc/Lc_opt (length at first capture to optimal length ratio), L95th/Linf (95th percentile length to asymptotic length ratio), F/M (fishing mortality to natural mortality ratio), F/K (fishing mortality to growth coefficient ratio), Z/K (total mortality to growth coefficient ratio), B/B0 (current biomass to virgin biomass ratio), and B/Bmsy (current Biomass to biomass at maximum sustainable yield ratio). Compared to the MSY model, length-frequency methods require only representative length-frequency data from the target stock to effectively assess biological parameters and stock status. This approach provides a strong foundation for sustainable fisheries development and effective fisheries management (Liang et al., 2020; Ju et al., 2020a). Therefore, fisheries managers can directly employ the LBB method to assess fish stocks, even with limited data.

This study investigated the stock status of C. nasus in the Yangtze River-Poyang Lake waterway and adjacent waters from 2019 to 2024, covering periods before and after the fishing ban. Updated length-based methods, including ELEFAN (via TropFishR), LBSPR, and LBB, were applied to estimate key biological parameters and assess the current fisheries exploitation status, with the objective of comprehensively analyzing the stock recovery of C. nasus following implementation of the fishing ban. This research aims to contribute empirical evidence for the sustainable utilization and scientific management of C. nasus resources, while simultaneously establishing baseline datasets for longitudinal monitoring and quantitative assessment of fisheries policies implemented within the framework of the ten-year fishing ban in the Yangtze River Basin.


2 Materials and methods


2.1 Survey area

This study focused on the Jiangxi section of the Yangtze River and Poyang Lake, which constitute a critical region for the spawning migration of C. nasus (Figure 1). The middle and lower reaches of the Yangtze River are characterized by flat terrain and broad river channels, with an average flow velocity of 1 – 3 m/s, resulting in generally stable and slow water flow. These hydrological characteristics provide a relatively stable environment for diadromous C. nasus. Poyang Lake (28°22’-29°45’N, 115°49’-116°46’E) has a subtropical monsoon climate, featuring distinct seasons, abundant rainfall, an average annual temperature of 16 - 18°C, and annual precipitation between 1,000 and 1,400 mm (Cao et al., 2022). As China’s largest freshwater lake, it supports well-developed lake and wetland ecosystems, with a highly indented shoreline, interlaced channels, and abundant aquatic vegetation. These ecological conditions foster high biodiversity and provide abundant nutritional resources for aquatic species. During the spawning season, C. nasus migrates to spawning grounds such as Hukou (HK), Lushan (LS), Duchang (DC), and Yongxiu (YX) in Poyang Lake and its connecting waterways to the Yangtze River (Jiang et al., 2013; Lu, 2015).

[image: Map of Jiangxi, China, highlighting Poyang Lake and the Yangtze River. The zoomed-in section shows sampling sites marked by red triangles along the river and lake. The Yangtze River is shaded blue, with coordinates provided. A legend indicates sampling sites and the water bodies.]
Figure 1 | Survey sites for C. nasus (2019 - 2024) in the Yangtze River-Poyang Lake waterway and adjacent waters. Ruichang (RC), Chaisang (CS), Xunyang (XY), Pengze (PZ) Hukou (HK), Lianxi (LX), Lushan (LS), Duchang (DC), and Yongxiu (YX).

2.2 Material sources

The specific investigation of C. nasus were conducted annually during the spawning season (March to July) and foraging season (September to November) at multiple sites along the Jiangxi section of the Yangtze River and the northern part of Poyang Lake from 2019 to 2024 (Figure 1). Sampling sites were selected based on historic sampling data of C. nasus (Jiang et al., 2013, 2017), and remained consistent throughout the study period. Customized three-layer gillnets with multiple mesh sizes (2.0 cm, 6.0 cm, 10.0 cm, and 14.0 cm) were employed for sampling. Each net measured 50 m in length and 2 m in height, with four nets connected sequentially to form a 200 m sampling unit. Two sets of such gillnets were deployed daily at 18:00 at each sampling transect and retrieved the following morning at 6:00, and this procedure was repeated for five consecutive days. For each captured specimen of C. nasus, body length and body weight were measured to the nearest 1 mm and 0.1 g, respectively. Additionally, 10 – 20 scales were carefully extracted from the region below the dorsal fin and above the lateral line for age determination, then preserved in scale envelopes with complete specimen identification information. Due to certain special circumstances, the monitoring frequency in 2022 was reduced, resulting in a decrease in the total number of samples collected.


2.3 Research methods


2.3.1 Age identification

The scales of C. nasus were immersed in warm water to remove residual mucus and other impurities. Six to eight intact scales with their corresponding identification label were positioned between two glass slides. Then they were sealed with transparent adhesive tape and stored in a dry environment for subsequent analysis. The age was determined by the annuli present on the scales according to Luo et al. (2021). When the number of annuli was n and the outermost annulus extended to the scale margin, the age was recorded as n. If an incomplete annulus was visible beyond the outermost complete annulus, the age was recorded as n+. Scales without fully formed annuli were recorded as 0+. Consequently, individual with 0+-1 annulus was read as age 1, those with 1+-2 annuli as age 2, and so forth.


2.3.2 Body length-weight relationship

SPSS 19.0 was used to perform a Pearson correlation analysis between body length and body weight. Upon finding a significant correlation (P< 0.05), the length-weight relationship was then fitted using the Keys equation (Keys, 1928), as given in Equation 1:

W=aLb(1)

where W represents body weight (g), L represents body length (mm), a is the condition factor, and b is the power exponent.

To further determine whether the estimated b values significantly deviated from the theoretical isometric value of 3, a one-sample t-test was performed for each year. When the difference was not significant (P > 0.05), growth was considered isometric; otherwise, positive (b > 3) or negative (b< 3) allometric growth was inferred.


2.3.3 Electronic length-frequency analysis

Electronic Length Frequency Analysis (ELEFAN) is a widely used approach for estimating von Bertalanffy Growth Function (VBGF) parameters from length-frequency data (Mildenberger et al., 2017). In this study, restructured length-frequency data of C. nasus were fitted to the VBGF using two stochastic optimization routines available in the TropFishR R package: ELEFAN-GA (based on a genetic algorithm) and ELEFAN-SA (based on simulated annealing).

The samples were grouped by body length with a 10 mm interval for length-frequency analysis. The growth relationship was fitted using the von Bertalanffy growth equation, as given in Equation 2 (von Bertalanffys, 1938):

Lt=Linf[1−e−K(t−t0)](2)

where Lt represents the body length at age t, Linf is the asymptotic length, K is the growth coefficient, t is the age, and t0 is the theoretical age at zero length.

Among candidate parameter sets, the optimal combination was identified based on the goodness-of-fit score. Rn, as given in Equation 3 (Pauly, 1985):

Rn=ESPASP(3)

where ESP is the ratio of explainable peaks, ASP is the ratio of available peaks, and Rnmax is the best fit.

The natural mortality coefficient (M) was estimated using Pauly’s empirical formula (Pauly, 1980):

lgM=−0.0066−0.279lgLinf+0.6434lgK+0.4634lgT(4)

where M is the natural mortality coefficient, Linf is the asymptotic length (mm), K is the growth coefficient from the von Bertalanffy growth equation, and T is the average annual water temperature (°C) in the species’ habitat. In this study, the temperature of Poyang Lake was set as 18°C (Wu et al., 2015).



2.3.4 Length-based Bayesian biomass method

The LBB model is a straightforward and efficient approach that employs length-frequency data and a Markov Chain Monte Carlo (MCMC) procedure to estimate the status of fish stocks (Froese et al., 2018). The LBB method is suitable for species that exhibit continuous growth throughout their lifespan, such as most commercial fish and invertebrates, and requires only length-frequency data for assessments (Pons et al., 2020). It enables estimation of key stock parameters, including asymptotic length (Linf), optimal length at first capture (Lc_opt), relative natural mortality (M/K), relative fishing mortality (F/K), and stock status indicators such as relative current biomass (B/B0) and biomass at maximum sustainable yield (B/Bmsy).

In this study, only the principal equations are presented; comprehensive methodological details are described in (Froese et al., 2018).

In LBB, it is assumed that fish growth follows the von Bertalanffy growth equation, as given in Equation 5 (von Bertalanffys, 1938):

Lt=Linf[1−e−K(t−t0)](5)

where Lt represents the body length at age t, Linf is the asymptotic length, K is the growth coefficient, t is the age, and t0 is the theoretical age at zero length.

If the fishing gear is completely selective, the catch on the body length curve is a function of the total mortality related to K. The equation of this curve is as follows:

NL=NLstart(Linf−LLinf−Lstart)Z/K(6)

where NL is the number of survivors to length L, NLstart is the number at length Lstart with full selection, i.e., from which all individuals entering the gear are retained by the gear, and Z/K is the ratio of the total mortality rate Z to K.

In addition to the parameters in Equation 6, the catch affected by partial selection is the selectivity function of fishing gear. The gear selectivity can be expressed by the following Equation 7:

SL=11+e−α(L−Lc)(7)

where SL is the fraction of individuals that are retained by the gear at length L, Lc is the first capture body length, and α represents the steepness of the ogive (Quinn and Deriso, 1999).

The parameters of the selection ogive are estimated at the same time as Linf, Lc, α, M/K, and F/K by fitting the relationships given in Equations 8, 9:

NLi=NLi−1SLiF(Linf−LiLinf−Li−1)MK+FKSLi(8)

CLi=NLiSLi(9)

where NLi and NLi-1 are the numbers of individuals in length class Li and the previous length class Li-1, respectively. CLi is the number of individuals vulnerable to the gear in length class Li. To minimize the parameter requirements of this expand method, the ratios M/K and F/M are output, instead of the absolute values of F, M, and K; note that F/M = (F/M)/(M/K).

The Bayesian Gibbs sampler JAGS with R statistical language (version 4.4.2) was used to fit the observed proportions at-length to their expected values, as given in Equation 10:

p^Li=N^Li∑N^Li(10)

where pLi is the observed proportions-at-length, p^Li is the mean values for pLi, N^Li denotes the mean values for NLi, which has been mentioned in Equation 8.

By substituting Linf, M/K, and F/K into Equations 11, 12, the optimal length Lopt for unexploited generations with maximum biomass, and the optimal catch length Lc_opt were obtained:

Lopt=Linf(33+MK)(11)

Lc_opt=Linf(2+3FM)(1+FM)(3+MF)(12)

Relative yield-per-recruit Y′/R can be computed by the following equation:

Y′R=F/M1+F/M(1−Lc/Linf)M/K[1−3(1−Lc/Linf )1+1/(M/K+F/M)+3(1−Lc/Linf)21+2/(M/K+F/M)−(1−Lc/Linf)31+3/(M/K+F/M)](13)

Assuming catch per unit effort proportional to biomass, Equation 13 divided by F/M gives the following Equation 14:

CPUE'R=Y'RFM=11+F/M(1−Lc/Linf)M/K[1−3(1−Lc/Linf)1+1/(M/K+F/M)+3(1−Lc/Linf)21+2/(M/K+F/M)−(1−Lc/Linf)31+3/(M/K+F/M)](14)

Relative biomass of fish (> Lc) when F = 0 is given by Equation 15:

B0'>LcR=(1−Lc/Linf)M/K[1−3(1−Lc/Linf)1+1M/K +3(1−Lc/Linf)21+2M/K−(1−Lc/Linf)31+3M/K](15)

where B0'>Lc denotes the exploitable fraction (> Lc) of the unfished biomass B0.

The ratio of fished to unfished biomass is described as:

BB0=CPUE′RB0'>LcR(16)

and a proxy for the relative biomass producing Bmsy/B0 (the biomass at MSY) was obtained by re-running Equations 13-16 with F/M = 1 and Lc = Lc_opt.

An F/M > 1 indicates that the stock is overfished, while B/B0< 1 suggests that current biomass is below the unfished level. In particular, B/B0< 0.5 indicates critically low biomass, reflecting a severely depleted stock. If both Lmean/Lopt and Lc/Lc_opt are less than 1, it indicates that the length structure is truncated due to fishing pressure, with mortality concentrated on smaller individuals. When the 95th percentile length relative to asymptotic length (L95th/Linf) approaches 1 (> 0.9), it suggests the presence of large individuals in the stock. Stock status can be evaluated based on B/Bmsy estimates, as shown in Table 1 (Froese et al., 2018; Palomares et al., 2018; Ju et al., 2020a; Liang et al., 2020; Wang et al., 2021, 2020). The relative biomass and length at first capture estimated using the LBB model can be directly applied to manage data-limited stocks (Wang et al., 2020). If B/B0 is less than Bmsy/B0 (B0/Bmsy< 1), fishing effort should be reduced. If the mean length at capture (Lc) is less than the optimal length at first capture (Lc_opt), fishing should target larger individuals.


Table 1 | The definition of the stock status based on the B/Bmsy.


	B/Bmsy
	F/M
	Stock status



	≥ 1
	≤ 1
	Healthy stock


	0.5-1.0
	≤ 1
	Recovering stock


	< 0.5
	≤ 1
	Stock outside of safe biological limits


	0.5-1.0
	> 1
	Fully/overfished stock


	0.2-0.5
	> 1
	Stock outside of safe biological limits


	< 0.2
	> 1
	Severely depleted stock



When using the LBB method for stock assessment, it is necessary to set prior values for key parameters, such as asymptotic length (Linf) and the ratio of natural mortality to growth coefficient (M/K). If prior information is unavailable for the species under assessment, the model applies default priors, with M/K typically set to 1.5 (Froese et al., 2018). Alternatively, prior estimates for parameters such as Linf and M/K can be derived from existing literature or independent studies, when available, and integrated into the model. In this study, Linf and M/K values estimated using updated ELEFAN algorithms were used in the LBB model to minimize uncertainty.

LBB estimation was implemented in the Bayesian Gibbs sampler software JAGS (Plummer, 2003) and executed using R. The code (R-code: LBB_20.R) can be downloaded from the website (http://oceanrep.geomar.de/44832/, accessed on 22 February 2025).

To evaluate the robustness of model outputs under parameter uncertainty, a sensitivity analysis was conducted by varying Linf and M/K values using the 2024 dataset. Detailed results are provided in the Supplementary Materials.


2.3.5 Estimation of spawning potential ratio using LBSPR

The Length-Based Spawning Potential Ratio (LBSPR) model is a data-limited stock assessment approach that estimates reproductive potential under fishing pressure using life-history parameters and length-frequency data, assuming logistic selectivity (Hordyk et al., 2015).

In this study, LBSPR was applied to independently evaluate the reproductive status of the C. nasus stock. Required inputs included the asymptotic length (Linf), the ratio of natural mortality to growth (M/K), and the lengths at 50% and 95% maturity (L50, L95). Length-frequency data were binned at 10 mm intervals, and the model was implemented using the LBSPR R package.

The model estimated the spawning potential ratio (SPR), which was interpreted using a four-tier threshold system adapted from previous studies (Prince et al., 2015; Hordyk et al., 2014; Richard et al., 2022). According to this framework, an SPR of ≤ 0.2 indicates critically low reproductive potential and a stock at risk of collapse. Values between 0.2 and 0.35 suggest a fully exploited population, while those between 0.35 and 0.4 indicate that the stock is operating near the maximum sustainable yield (MSY). When SPR exceeds 0.4, the stock is considered to maintain a sustainable reproductive capacity.


3 Results


3.1 Statistical results


3.1.1 The distribution of age, body length, and weight

A total of 5,844 C. nasus specimens were collected between 2019 and 2024, with annual sample sizes of 338, 1,165, 1,023, 389, 1,623, and 1,306, respectively. Age data could not be obtained due to the absence of scale samples in 2019 and 2022. Analysis of available samples from 2020 – 2021 and 2023 – 2024 indicated that the C. nasus population comprised individuals ranging from 1 to 4 years of age. In 2020, two-year-old individuals dominated, accounting for 55.8% of the sampled stock. However, from 2021 to 2024, the dominant age group shifted to three-year-old individuals, representing 76.9%, 65.8%, and 55.7% of annual samples, respectively. The proportion of four-year-old individuals gradually increased, rising from 3.2% in 2020, 7.7% in 2021, 16.2% in 2023 to 17.2% in 2024 (Table 2). These findings suggest that the fishing ban policy effectively mitigated the trend of younger, promoting a more stable and balanced age structure in the C. nasus stock.


Table 2 | Age distribution of C. nasus (2019 - 2024) in the Yangtze River-Poyang Lake waterway and adjacent waters.


	Age class
	2019
	2020
	2021
	2022
	2023
	2024
	Total



	1-year
	–
	0 (0%)
	0 (0%)
	–
	3 (2.7%)
	8 (3.6%)
	11


	2-year
	–
	86 (55.8%)
	8 (15.4%)
	–
	17 (15.3%)
	52 (23.5%)
	163


	3-year
	–
	63 (41.0%)
	40 (76.9%)
	–
	73 (65.8%)
	123 (55.7%)
	299


	4-year
	–
	5 (3.2%)
	4 (7.7%)
	–
	18 (16.2%)
	38 (17.2%)
	65



Among the total of 5,844 specimens from 2019 to 2024, specimen sizes varied considerably, with body lengths ranging from 75 mm to 412 mm and weights ranging from 6.8 g to 239.0 g. Both body length and weight of C. nasus showed a clear increasing trend. The dominant size group gradually shifted toward longer and heavier individuals, and the overall size distribution expanded over time (Figure 2). The average body length exhibited a significant increasing trend from 2019 (271.20 ± 38.44 mm) to 2024 (305.53 ± 37.99 mm) (P< 0.05). Similarly, the average body weight significantly increased, ranging from 56.08 ± 25.56 g in 2020 to 88.02 ± 32.01 g in 2024 (P< 0.05). The dominant size group shifted from 250 – 260 mm, 50 – 60 g to 330 – 340 mm, 120 – 130 g (Table 3).

[image: Line graphs display the frequency of body length classes in millimeters over six years, from 2019 to 2024. Each year is represented by a different color: 2019 in yellow, 2020 in purple, 2021 in green, 2022 in blue, 2023 in red, and 2024 in gray. Peaks in frequency vary by year, with notable increases in certain body length classes.]
Figure 2 | Body length classes distribution of C. nasus (70 – 420 mm in 10 mm intervals) from 2019 to 2024 in the Yangtze River-Poyang Lake waterway and adjacent waters. Scatter balls represent annual frequency distributions.

Table 3 | Composition of body length and weight of C. nasus (2019 - 2024) in the Yangtze River-Poyang Lake waterway and adjacent waters.


	Year
	Individual number
	Body length range (mm)
	Body weight range (g)
	Average body length (mm)
	Average body weight (g)
	Dominant length group (mm) and percentage (%)
	Dominant weight group (g) and percentage (%)



	2019
	338
	135-400
	20.20-220.0
	271.20 ± 38.44d
	68.52 ± 33.26c
	250-260 (24.26%)
	50-60 (24.26%)


	2020
	1165
	147-382
	12.9-198.2
	262.99 ± 29.76e
	56.08 ± 25.56d
	250-260 (16.39%)
	40-50 (23.69%)


	2021
	1023
	95-412
	8.0-230.0
	290.03 ± 46.80c
	79.65 ± 37.79b
	290-300 (12.81%)
	70-80 (15.05%)


	2022
	389
	150-410
	13.3-232.8
	301.79 ± 45.40ab
	86.36 ± 34.69a
	290-300 (12.85%)
	70-80 (13.88%)


	2023
	1623
	75-399
	6.8-227.9
	296.87 ± 51.62b
	86.50 ± 37.24a
	320-330 (11.21%)
	90-100 (12.28%)


	2024
	1306
	115-403
	14.4-239.0
	305.53 ± 37.99a
	88.02 ± 32.01a
	330-340 (12.86%)
	120-130 (13.02%)


Different letters marked on the numbers indicate significant differences (P < 0.05).




3.1.2 Body length and weight relationship

To investigate interannual variations in the length-weight relationship of C. nasus from 2019 to 2024, a power function model (W = aLb) was fitted to each year’s data, and variations in the model parameters were analyzed. The results indicated that the growth exponent b ranged from 2.918 to 3.431 during this period. Statistical tests against the isometric value (b = 3) revealed that b was not significantly different from 3 in 2019, 2022, and 2024 (P > 0.05), indicating isometric growth, whereas b was significantly greater than 3 in 2020, 2021, and 2023 (P< 0.001), indicating positive allometric growth. All models exhibited high correlation coefficients (R² > 0.912), indicating reliable and robust fits (Figure 3).

[image: Scatter plot showing the relationship between body length in millimeters and body weight in grams for the years 2019 to 2024. Each year is represented by a different color, with fitted curves and density plots at the top and right margins. Equations and R-squared values for each year are displayed in the legend.]
Figure 3 | Body Length-weight relationship of C. nasus from 2019 – 2024 in the Yangtze River-Poyang Lake waterway and adjacent waters.

3.2 Model evaluation


3.2.1 Parameters estimated based on ELEFAN

According to the length-frequency data of C. nasus, the bin width was set to 10 mm, and a moving average filter of 5 classes was applied. Both ELEFAN-GA and ELEFAN-SA algorithms were implemented for growth parameter estimation. The ELEFAN-GA routine yielded a better fitting score (Rnmax = 0.292) and was thus selected for downstream analysis (Figure 4). The results showed that the Linf was 45.33 cm and K was 0.23. Based on Equation 4 the natural mortality rate M was estimated to be 0.50. These values were then used as priors in the LBB model.

[image: Growth curve chart showing fish length classes in millimeters over time from January 2019 to July 2024. Black bars represent data points, while blue lines indicate ELEFAN-GA projections, and red dashed lines show ELEFAN-SA projections.]
Figure 4 | The VBGF fitted to the length frequency distribution of C. nasus from 2019 – 2024 using ELEFAN-GA and ELEFAN-SA in the Yangtze River-Poyang Lake waterway and adjacent waters.


3.2.2 Parameters estimated based on LBB

By integrating Linf = 45.38 cm and M/K = 2.17 (obtained from ELEFAN-GA) as priors into LBB, a comprehensive assessment of the C. nasus stock from 2019 to 2024 was conducted. Key estimated parameters included Linf, Lmean/Lopt, Lc/Lc_opt, L95th/Linf, F/M, F/K, Z/K, B/B0, and B/Bmsy, which collectively enable quantitative assessment of the stock status and evaluation of the effectiveness of implemented conservation measures. The results indicated that Linf of C. nasus ranged between 39.9 cm and 46.4 cm. Overall, the observed decreasing trends in F/M, F/K, and Z/K suggest a continuous decline in fishing pressure. In 2019 and 2020, both Lmean/Lopt and Lc/Lc_opt ratios were below 1, indicating a truncated length structure characterized by a predominance of smaller individuals. However, from 2021 to 2024, these ratios increased to 1.2 - 1.3 and 1.2 - 1.5, respectively, reflecting a significant rise in the proportion of larger individuals in the stock. Additionally, the L95th/Linf ratio approached 1 (> 0.9) in 2023, indicating the sustained presence of large individuals. The relative biomass (B/B0) and biomass relative to MSY (B/Bmsy) exhibited a consistent upward trend, signaling stock recovery (Table 4; Figure 5).


Table 4 | Summary of LBB results for C. nasus (2019 - 2024) in the Yangtze River-Poyang Lake waterway and adjacent waters.


	Parameter
	2019
	2020
	2021
	2022
	2023
	2024



	Linf
	44.4 (43.5 - 45.2)
	46.4 (45.3 - 47.1)
	44.5 (43.8 - 45.2)
	39.9 (39.3 - 40.6)
	43.9  (43.2 - 44.8)
	42.9 (42.2 - 43.7)


	Lmean/Lopt
	1
	0.99
	1.2
	1.2
	1.3
	1.3


	Lc/Lc_opt
	0.99
	0.97
	1.2
	1.4
	1.5
	1.5


	L95th/Linf
	0.74
	0.75
	0.85
	0.93
	0.8
	0.86


	F/M
	2.6 (2.29 - 2.9)
	2 (1.71 - 2.3)
	1.4 (1.11 - 1.73)
	0.5 (0.26 - 0.86)
	0.46 (0.17 - 0.9)
	0.37 (0.18 - 0.54)


	F/K
	5.6 (5.14 - 5.98)
	4.3 (3.89 - 4.8)
	2.7 (2.26 - 3.22)
	0.63 (0.35 - 1.04)
	0.94 (0.35 - 1.82)
	0.71 (0.35 - 0.97)


	Z/K
	7.69 (7.3 - 8.1)
	6.54 (6.1 - 6.91)
	4.61 (4.21 - 5.11)
	1.89 (1.6 - 2.29)
	2.99 (2.36 - 3.86)
	2.61 (2.29 - 2.89)


	B/B0
	0.17 (0.14 - 0.19)
	0.2 (0.17 - 0.25)
	0.34 (0.25 - 0.45)
	0.62 (0.21 - 1.23)
	0.64 (0.07 - 1.49)
	0.68 (0.19 - 1.09)


	B/Bmsy
	0.48 (0.41 - 0.56)
	0.59 (0.48 - 0.72)
	0.96 (0.72 - 1.29)
	1.6 (0.57 - 3.28)
	1.8 (0.2 - 4.28)
	1.9 (0.53 - 3.11)


	Stock status
	Stock outside of safe biological limits
	Fully/overfished stock
	Fully/overfished stock
	Healthy
stock
	Healthy
stock
	Healthy
stock


The numbers between brackets stand for 95% confidence intervals for the parameter estimates provided.


[image: Three panels show fishery data from 2019 to 2024. Panel A: Length in cm, comparing mean length, optimal length, and critical length with values around 25-30 cm. Panel B: F/M ratio decreases to 1.0. Panel C: B/B₀ ratio initially below 0.5, then increases, with lines for B₀ and proxy 0.5 Bmsy marked.]
Figure 5 | Continuous estimation results of C. nasus (2019 - 2024) in the Yangtze River-Poyang Lake waterway and adjacent waters using the LBB method. (A) Lmean (bold black curve) relative to Lopt, and Lc (dashed black curve) relative to Lc_opt. (B) Relative fishing pressure F/M (black curve), with approximate 95% confidence limits (dotted curves), with indication of the reference level where F = M (green horizontal line). (C) Relative biomass B/B0 (black curve) with approximate 95% confidence limits (dotted black curves), with indication of a proxy for Bmsy (green dashed line) and a proxy for Bpa or 0.5 Bmsy (red dotted line).
Figures 6, 7 present detailed results of the LBB model assessment for C. nasus from 2019 to 2024. The left panel show the length-frequency (L/F) distributions, while the right panels display the fitted results from the LBB master equation. The blue line represents the LBB model fit, while the red line indicates the stock status derived from the LBB model. Figure 6 illustrates LBB estimates for the years 2019 - 2021, with B/Bmsy and F/M values ranging from 0.48 to 0.96 and 2.6 to 1.4, respectively. In contrast, Figure 7 shows LBB results for 2022 - 2024, with higher B/Bmsy values (1.6 - 1.9) and lower F/M values (0.5 - 0.37). According to the stock status classification in Table 1, the status of the C. nasus stock was categorized as “outside of safe biological limits” in 2019, “fully/overfished” in 2020 and 2021, and that were “healthy” from 2022 to 2024 (Figure 8).

[image: Graphs A, B, and C display frequency versus length data for years 2019, 2020, and 2021. Each year has two graphs: left graphs plot frequency against fish length in centimeters, with reference lines for \(L_c\) and \(L_{inf}\), and right graphs plot relative frequency against normalized length \(L/L_{inf}\), with reference lines for \(L_{opt}\) and \(L_{inf}\). Parameters \(L_{inf}\), \(Z/K\), and \(L_c\) are specific to each year.]
Figure 6 | LBB estimation results for C. nasus (2019 - 2021; A–C) in the Yangtze River-Poyang Lake waterway and adjacent waters before the fishing ban. Left panels show length-frequency (L/F) data from which priors are estimated for Lc, Linf, and Z/K. Right panels (red curves) show the fit of the LBB master equation, which provides estimates of Z/K, M/K, F/K, Lc, and Linf. From Linf and M/K, Lopt is calculated and shown as a reference.
[image: Three sets of graphs show frequency distributions for 2022, 2023, and 2024. Each year includes two graphs: one with frequency versus length in centimeters featuring prior values \(L_{\text{inf}}, Z/K,\) and \(L_c\). The other shows relative frequency versus normalized length, with a curve fit and markers for \(L_{\text{opt}}\) and \(L_{\text{inf}}\). Key values vary across years, illustrating changes in length frequencies and biological parameters.]
Figure 7 | LBB estimation results for C. nasus (2022 - 2024; D–F) in the Yangtze River-Poyang Lake waterway and adjacent waters after the fishing ban. The definitions of the indicators are the same as those in Figure 6.
[image: Scatter plot illustrating biomass to maximum sustainable yield (B/Bmsy) against fishing mortality to natural mortality (F/M) from 2019 to 2024. The trajectory decreases from 2019 to 2021 in a red zone, then rises from 2022 to 2024 in a green zone. The yellow zone represents values at or above 1.0 B/Bmsy and below 0.5 F/M.]
Figure 8 | Trajectories of fishing pressure (F/M) and stock status (B/Bmsy) for C. nasus (2019 - 2024) in the waterway Poyang Lake to Yangtze River and adjacent waters, China. Red area: stocks that are being overfished or are outside of safe biological limits; yellow area: recovering stocks; green area: stocks subject to sustainable fishing pressure and of a healthy stock biomass that can produce high yields close to MSY.

3.2.3 LBSPR-based stock assessment

The LBSPR model yielded annual spawning potential ratio (SPR) estimates for C. nasus from 2019 to 2024, showing a generally increasing trend with notable interannual variation (Figure 9). In 2019, the SPR was 0.28, corresponding to a fully exploited stock condition (0.2 < SPR ≤ 0.35). In 2020, SPR dropped sharply to 0.19, falling into the critical depletion zone (SPR ≤ 0.2), suggesting a high risk of recruitment impairment.

[image: Line graph showing the Spawning Potential Ratio (SPR) by year from 2019 to 2024. The SPR values are plotted in blue, with a visible increase after a low in 2020. A red dashed line marks the SPR threshold at 0.4, with values in 2023 and 2024 above this level.]
Figure 9 | Annual variation in the spawning potential ratio (SPR) of C. nasus from 2019 to 2024 in the waterway Poyang Lake to Yangtze River and adjacent waters, China, estimated using the LBSPR model.
From 2021 onwards, the stock exhibited clear signs of recovery. In 2021, the SPR rose to 0.39, indicating the stock was approaching the maximum sustainable yield (MSY) level (0.35 < SPR < 0.4). In 2022, SPR further increased to 0.43, crossing the threshold into the sustainably reproductive range (SPR ≥ 0.4). This favorable status was largely maintained in 2023 (SPR = 0.39) and 2024 (SPR = 0.42), both years reflecting near or above MSY-level reproductive capacity.

These findings suggest that while the stock of C. nasus experienced substantial overexploitation before the fishing ban, particularly in 2020, its reproductive potential has significantly improved during the post-ban period, indicating effective early-stage stock rebuilding.



4 Discussion


4.1 Factors affecting fish stock structure and assessment methods

Stock structure is a key indicator reflecting the status of fish resources, influenced by multiple factors, among which fishing intensity is considered one of the most direct and significant factors affecting the stock structure of commercial fish species (Gwinn et al., 2015). Overfishing typically leads to the selective removal of large individuals, resulting in a younger age structure of the stock and a decrease in average body length and weight (Tu et al., 2018). Berkeley et al. (2004) demonstrated that fish populations under intense fishing pressure often exhibit “a truncated age structure”, characterized by the near-complete disappearance of large, older individuals. For example, studies on fish in the middle and lower reaches of the Yangtze River by Jiang et al. (2017) and Zhu et al. (2017) revealed that overfishing has led to earlier sexual maturation for major economic fish species such as C. nasus, with spawning populations dominated by younger individuals, thereby significantly reducing the reproductive potential of the stock. Conversely, healthy populations maintain a complete age structure, including a sufficient proportion of large, older individuals (Hixon et al., 2014), which typically exhibit higher fecundity, better egg quality, and higher offspring survival rates, factors crucial for stock recruitment and stability (Barneche et al., 2018). From the perspective of resource assessment indicators, the relative biomass (B/B0) of a healthy stock must typically exceed 0.4, and the biomass ratio relative to maximum sustainable yield (B/Bmsy) should exceed 1.0 (Froese et al., 2018). In addition to fishing pressures, environmental conditions such as hydrological regimes, temperature changes, and habitat quality also significantly impact stock structure (Reid et al., 2019), particularly for migratory fish like C. nasus, where hydraulic engineering and altered hydrological regimes influence their migration and reproductive activities (Jiang et al., 2017). Moreover, pollution, climate change, and invasive species have also been demonstrated to alter the age structure and spatial distribution of fish populations (Zhang et al., 2020).

The assessment of fish stock structure primarily includes age-based methods and length-based methods. Traditional age-based assessments determine individual age through hard tissues such as fish scales and otoliths, thereby establishing age-length relationships, which, despite their accuracy, are time-consuming and require large sample sizes (Campana, 2001). In contrast, length-based methods such as the Electronic Length Frequency Analysis (ELEFAN), Length-Based Spawning Potential Ratio model (LBSPR), and Length-Based Bayesian Biomass method (LBB) rely solely on length-frequency data, making them particularly suitable for data-limited situations (Froese et al., 2018; Liang et al., 2020). For migratory, relatively short-lived small fish species like C. nasus, length-based assessment methods offer substantial advantages (Wang et al., 2021). First, during resource monitoring, length data are typically more accessible than age data. Second, a strong correlation exists between length and age for fast-growing fish like C. nasus. Additionally, these methods can provide reliable estimates of stock parameters under data-limited conditions. Pons et al. (2020) established through simulation studies that the LBB method performs excellently in assessing the status of migratory fish resources, particularly when evaluating the effects of protection measures such as fishing bans. Therefore, this study innovatively integrated the ELEFAN, LBSPR, and LBB approaches. The asymptotic length (Linf) and the ratio of natural mortality to growth coefficient (M/K) estimated from ELEFAN-GA were used as prior information for both the LBSPR and LBB models, effectively reducing parameter uncertainty and improving the robustness of the assessments (Liang et al., 2020). This multi-model framework provides strong technical support for monitoring the effectiveness of the Yangtze River fishing ban.


4.2 Impact of fishing ban on C. nasus stock structure and its recovery mechanism

Through systematic monitoring from 2019 to 2024, this study identified significant changes in the stock structure of C. nasus before and after the fishing ban, which were characterized by optimized age structure, increased individual size, and improved resource status. The proportion of four-year-old individuals increased from 3.2% in 2020 to 17.2% in 2024, representing more than a five-fold increase. The main spawning population shifted from being dominated by 1~2-year-old individuals (55.8%) to being dominated by 2~3-year-old individuals, constituting over 80% of the population. Mean body length significantly increased from 271.20 ± 38.44 mm in 2019 to 305.53 ± 37.99 mm in 2024 (P< 0.05), while mean body weight similarly increased from 68.52 ± 33.26 g to 88.02 ± 32.01 g (P< 0.05). The dominant length group shifted from 250 – 260 mm before the fishing ban in 2019 to 330 – 340 mm after implementation in 2024. Most notably, resource assessment indicators exhibited substantial improvement, with relative biomass (B/B0) increasing from 0.14 in 2019 to 0.72 in 2024, and the biomass ratio relative to maximum sustainable yield (B/Bmsy) rising from 0.4 to 2.0, transitioning the resource status from “outside of safe biological limits” to “healthy”, demonstrating that the fishing ban policy was highly effective in promoting the stock recovery of the C. nasus. To further support the observed improvements in stock structure, the spawning potential ratio SPR) estimated by the LBSPR model increased from 0.19 in 2020 to 0.42 in 2024, surpassing the commonly accepted sustainability threshold (SPR = 0.4). The continuous improvement in body size from year to year suggests that enhanced habitat conditions following the fishing ban have enabled individuals to achieve their growth potential, which in turn has contributed to stock recovery. This independent model-based evidence confirms the enhancement of reproductive capacity and reinforces the effectiveness of the fishing ban in promoting the recovery of C. nasus stock. Further analysis incorporating environmental factors and potential sampling variations is necessary to fully understand these fluctuations.

These positive changes are primarily attributed to the substantial reduction in fishing pressure, which provided fish with extended growth cycles. The fishing ban reduced fishing mortality (F/M) from 3.0 in 2019 to 0.31 in 2024, directly extending individual lifespans and enabling more individuals to survive to large, older stages (Gwinn et al., 2015). The data suggest that stock recovery follows a predictable pattern: first the improvement of age structure, followed by an increase in biomass (Russ and Alcala, 2010). Our research reveals that the age structure of C. nasus began to improve in the first two years after the fishing ban (2021 - 2022), while significant biomass increase emerged in the third year (2023), a pattern consistent with the findings of Sala and Giakoumi (2018) regarding the temporal sequence of fish recovery in protected areas. Enhancement in the structure of the reproductive population constitutes another factor promoting stock recovery, as larger, older female individuals not only possess higher fecundity but also yield better offspring quality and higher survival rates (Barneche et al., 2018). This improvement, coupled with an L95th/Linf value approaching 0.9 indicating a significantly increased proportion of large individuals, collectively enhances the population’s recruitment capacity (Froese et al., 2018). Research by Jaco and Steele (2020) indicates that after reduced fishing pressure, improvements in reproductive population structure can significantly enhance population recruitment capacity within 3 – 4 years, which may explain the substantial increase in B/B0 and B/Bmsy observed three years after the fishing ban.

It is noteworthy that the impact of the fishing ban on the C. nasus stock may also involve changes in food web relationships. The fishing ban simultaneously protected the natural predators of C. nasus, which theoretically could increase predation pressure (Baskett and Barnett, 2015). However, Babcock et al. (2010) found that during the initial stages of protection measures (3 – 5 years), direct effects (target species recovery) typically precede and exceed indirect effects (changes in food web relationships) in magnitude. Our results corroborate this finding: despite the possible increase in natural predators, the C. nasus stock still achieved significant recovery, indicating that the positive effects of reduced fishing pressure outweighed the potential increase in predation pressure in the short term. Additionally, improved environmental conditions further facilitated stock recovery, as the implementation of the fishing ban policy was accompanied by strengthened pollution control and habitat protection measures Chen et al. (2020), with the continuous improvement of water quality in the middle and lower reaches of the Yangtze River benefiting the reproduction and growth of C. nasus. However, Cooke et al. (2021) noted that in the short term (3 – 5 years), the contribution of environmental improvements to fish population recovery typically remains subordinate to that of reduced fishing pressure, and the recovery rate observed in this study supports this view, indicating that reduced fishing pressure constitutes the dominant factor in the improvement of C. nasus stock structure at the current stage. By integrating changes in multiple indicators, this study demonstrates that the significant reduction in fishing pressure resulting from the fishing ban represents the main driving force for the improvement of C. nasus stock structure. The substantial reduction in fishing mortality has allowed more individuals to complete their natural growth cycle and establish a healthier, more balanced population structure. These findings have important implications for assessing the ecological benefits of the Yangtze River fishing ban policy and informing management of other fish resources.


4.3 Significance of C. nasus recovery as an ecological indicator for evaluating the Yangtze River Fishing Ban

Dong et al. (2023) emphasized that changes in Yangtze River fishery resources provide significant insights for global freshwater ecosystem management. As a keystone species in the Yangtze River Basin, the stock status of C. nasus serves as a crucial indicator for evaluating the health of the Yangtze River ecosystem and the effectiveness of fishery management (Jiang et al., 2022). The recovery of this migratory fish species spanning freshwater and brackish environments reflects the overall improvement of river-lake-estuary multi-ecosystem complexes (Jiang et al., 2016). C. nasus migrates through river channels from the Yangtze River into Poyang Lake for spawning (Jiang et al., 2017), and its population condition also indicates the ecological status of lake-river connectivity systems. More importantly, as a critical component in the Yangtze River’s ecological chain, the optimization of C. nasus stock structure and increased resource abundance may promote ecosystem balance and stability through cascade effects. Recent ecological studies further demonstrate that the recovery of keystone species can positively influence the structure and function of entire ecosystems Chen et al. (2020). Therefore, the recovery of C. nasus stock directly reflects the implementation effectiveness of the fishing ban policy.

From a broader perspective, the recovery data of C. nasus highlights the multifaceted ecological value of the Yangtze River fishing ban policy. These data confirm that large-scale freshwater ecosystem conservation measures can effectively promote the recovery of severely declined populations, providing reference for global freshwater protection efforts (Reid et al., 2019). Furthermore, the recovery rate of C. nasus can also serve as a benchmark for predicting the recovery potential of other fish species, particularly for long-lived, late-maturing species such as the Chinese sturgeon, which require extended protection periods. Given the complexity and diversity of the Yangtze River ecosystem, different species may respond differently to the fishing ban policy (Zhang et al., 2020), therefore the recovery of C. nasus represents only one aspect of the Yangtze River ecosystem restoration. Future research should be extended to other species and broader ecological indicators to comprehensively assess the ecological effects of the Yangtze River fishing ban. Based on the results of this study, we recommend that future work should include: (1) maintaining fishing ban measures, particularly for species that have shown positive recovery but have not yet reached optimal levels; (2) developing specialized monitoring systems for migratory fish species to regularly assess stock recovery status; (3) strengthening the protection of critical spawning grounds and feeding areas such as Poyang Lake; (4) establishing an ecosystem-based fishery management system following the conclusion of the fishing ban period to ensure sustainable resource utilization.


5 Conclusion

This study systematically evaluated the impact of the fishing ban policy on the resource recovery of C. nasus in the Yangtze River-Poyang Lake waterway and adjacent waters by using the LBB method from 2019 to 2024. The results demonstrate that the age structure of C. nasus has significantly improved and stabilized, with the proportion of four-year-old individuals increasing from 3.2% in 2019 to 17.2% in 2024. Relative biomass (B/B0) exhibited a substantial increase from 0.17 to 0.68, and the ratio of biomass to maximum sustainable yield (B/Bmsy) rose from 0.48 to 1.9, signaling a transition from the “edge of collapse” to a “healthy” stock status. These trends were independently corroborated by the LBSPR model, which showed the spawning potential ratio (SPR) increased from 0.19 to 0.42 during the same period, surpassing the sustainability threshold (SPR = 0.4). Collectively, these findings confirm that the fishing ban policy effectively reversed stock decline through the synergistic effects of reduced fishing pressure (F/M reduced from 2.6 to 0.37) and improved habitat carrying capacity, highlighting the feasibility of coordinated human intervention and natural resilience. Based on these findings, it is recommended that the current fishing ban policy be maintained and a specialized monitoring system for migratory species be established, with particular emphasis on reproductive stock dynamics. Furthermore, a resilient, adaptive management framework should be developed to ensure sustainable resource recovery.
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