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Abstract  Marine ranch is a novel paradigm in the transformation of traditional fisheries, which 
embodies a modern and high-tech approach to increasing marine fishery production and enables the 
sustainable and efficient exploitation of marine resources. After several decades of development, the 
industrial model of marine ranch has matured. However, in several developing countries, subsequent 
management and evaluation remain inadequate. In this study, the Dachen Island Marine Ranch in the East 
China Sea was used as a case to explore two fishery management strategies. A multi-species size spectrum 
model (MSSM) was established for the Dachen Island Marine Ranch to simulate fish community 
dynamics. While considering interspecific interactions, the effectiveness of two management strategies 
was assessed: (1) altering fishing mortality; and (2) increasing cod-end mesh size. The findings indicate 
that the change in the fishing mortality of large predators can induce trophic cascade effects, and the large 
predators have the greatest impact on community structure. In scenarios that simulate fishing mortality for 
multiple species, competition is shown between two species occupying similar ecological niches. An 
increase in cod-end mesh size can be observed to decrease bycatch while positively impacting community 
structure. Our findings suggest that fisheries management reforms should consider the effects of 
management changes on the entire ecosystem (including environment and biodiversity), rather than 
concentrating solely on the long-term yield of fish harvests. A stable ecosystem can yield more products, 
and long-term sustainable fishery yields are one of them.
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1 INTRODUCTION

Marine ranch is a fishery model based on the 
principle of ecosystem to build or repair the places 
needed by marine organisms for reproduction, 
growth, foraging or predator avoidance in a specific 
sea area through measures such as artificial reefs 
and stocking (Chen et al., 2019; Tang, 2019; Yang et 
al., 2019; Ding et al., 2022; Yang, 2023). This 
ecological engineering strategy aims to cultivate and 
conserve fishery resources, improve the ecological 
environment of the marine area and achieve 
sustainable utilization of marine resources (Ministry 

of Agriculture of the People’s Republic of China, 
2017). In a global context, despite the varying 
philosophies underpinning the development of 
ocean ranch across different nations, the overarching 
goal is fundamentally aligned: to satisfy the demand 
for fishery resources (Ru et al., 2023).

As one of the earliest countries to adopt the 
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concept of marine ranch, China has undergone a 
developmental journey from pilot exploration to 
large-scale expansion, with the functions of marine 
ranch has continuously evolved (Wang, 2010, 2015). 
Since 2017, the annual No. 1 Documents of China’s 
Central Government have emphasized consistently 
the construction of modern marine ranch, providing 
policy impetus for standardization (Yang and Ding, 
2022). In November 2021, China released its first 
national standard, The Technical Guidelines for 
Marine Ranch Construction, marking a milestone in 
systematic development (Yang and Ding, 2022). To 
date, by integrating advanced international technologies, 
China has established diverse marine ranch systems 
in the Yellow Sea, East China Sea, and South China 
Sea, including breeding-oriented, recreational fishery-
based, and resource conservation-based models, 
demonstrating significant ecological and economic 
benefits (She, 2008; Ling, 2012; Yu et al., 2023). 
However, the construction of marine ranch in China 
was mainly focused on individuals of stock 
enhancement, scales of artificial reef construction 
and financial investment, while fishing management 
and comprehensive evaluation in later stages were 
seriously lacking (Yang, 2016). In contrast, Japan, 
the United States, and several European countries 
have developed proven comprehensive industrial 
models for marine ranch. To propose appropriate 
management measures, it is crucial to understand 
the interactions among species within the fisheries. 
Generally, the exploitation of a species will 
inevitably exert a profound impact on the population 
dynamics of other species (Smith et al., 2015). This 
impact is manifested in two aspects: (1) in the case 
of predation and competition, when the target 
species is the prey or predator of that species, 
fishing may indirectly affect the biomass of non-
target species (Hilborn et al., 2015); (2) in trawl 
fisheries, there is often bycatch, which directly 
impacts the biomass of non-target species (Thrush 
and Dayton, 2002). Therefore, when multiple 
target species with varying trophic levels and 
body sizes are simultaneously harvested, achieving 
a balance in the fishing catch becomes a complex 
challenge (Hall and Mainprize, 2004; Pikitch et 
al., 2004).

Based on an ecosystem approach, this study 
proposes two management strategies for the later 
stages of marine ranch development in China and 
their long-term sustainability was assessed. In addition, 
our approach rigorously considers interspecific 
interactions and ensures that all species share a 

limited pool of resources (Gaichas et al., 2012). A 
Multi-species Size Spectrum Model (MSSM) for the 
fish community was developed, using the Dachen 
Island Marine Ranch in the East China Sea as the 
case study. By designing two scenarios to simulate 
the long-term benefits associated with the 
implementation of management measures, with 
particular emphasis on six economically significant 
species (Trichiurus lepturus (largehead hairtail), 
Muraenesox cinereus (daggertooth pike conger), 
Pampus argenteus (silver pomfret), Harpadon 
nehereus (Bombay duck or bummalo), Larimichthys 
polyactis (small yellow croaker), and Larimichthys 
crocea (large yellow croaker)). We explored (1) the 
mechanisms that lead to trophic cascades; M. 
cinereus and H. nehereus were chosen as the 
managed species and different fishing scenarios 
were designed for them. The former is the top 
predator in this marine ecosystem, occupying the 
top of the food chain, while the latter is the 
dominant species throughout the year, using a large 
amount of resources in the ecosystem (Zou et al., 
2024). (2) whether an increase in cod-end mesh size 
in trawl fisheries can lead to a reduction in bycatch; 
Trawling is a cruel method of catching fish, as it 
tends to indiscriminately catch a wide range of 
sizes, often including small and younger fishes 
(Tsagarakis et al., 2014). We attempted to increase 
the cod-end mesh size to optimize the selectivity of 
the trawl. We assessed the effects of these two 
management strategies on the entire fish community, 
as well as their direct and indirect ecological 
impacts. It is important to note that this study is an 
effort to model ecosystems in data-scarce regions, 
without implying the necessity of these measures. 
Using small-scale marine ranches as a case study, 
the research seeks to elucidate the significance of 
fisheries management and provide theoretical 
frameworks for policymakers.

2 MATERIAL AND METHOD

2.1 Study area and data source

Located in the southeastern part of the outer sea 
area of Taizhou Bay, Zhejiang Province, Dachen 
Island is influenced by the coastal current, the 
Taiwan Warm Current and freshwater from river 
mouths. It used to be the second-largest fishing 
ground in the East China Sea and is an important 
habitat for species such as large yellow croaker and 
small yellow croaker to grow, feed and reproduce 
(Rui et al., 2022). Prolonged overfishing has led to a 
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decline in the capacity for reproduction and 
recovery, and catches have become younger, 
smaller, and lower value (Zou et al., 2024). 
Therefore, the Fisheries Management Department of 
China is proactively advancing the development of 
marine ranch projects to maintain the health of the 
island-reef complex ecosystem and ensure its long-
term resource production capacity.

The catch data in this study were obtained from a 
series of four quarterly trawl surveys conducted at 
21 stations in this sea area from 2020 to 2021 
(Fig.1). The trawl had a net length of 46 m, a net 
width of 5 m and a cod-end mesh size of 25 mm, 
hauling for 20 min at a speed of 3 knots in each 
sampling station. All the catches were brought back 
to the laboratory and identified to species, and 
biological parameters such as individual body length 
and weight were measured and recorded. Stomach 
content analysis and age identification were 
performed when samples were sufficient. A total of 
99 species of fish were collected in this year’s trawl 
survey. Species identification was mainly based on 
Fauna of Marine Fishes in Zhejiang (Zhao, 2016).

2.2 Size-spectrum model

The MSSM used in this study was developed by 
Andersen and Beyer (2006) and implemented by 
Hartvig et al. (2011). The model rests on two main 
assumptions: (1) fish devour other fish that are 
smaller than themselves; and (2) individual fish can 
be described exclusively by their individual and 
asymptotic body weights (Andersen et al., 2016). 

The biological processes of the fish community are 
formulated by sub-models, including community, 
food consumption, somatic growth and reproduction, 
mortality, and resource spectrum models (Table 1). 
MSSM allow prey switching, interspecific and 
intraspecific predator-prey interactions, and size-
selective fishing practices, all while using relatively 
fewer parameters compared with other ecosystem 
models (an advantage in data-poor contexts) (Zhang 
et al., 2016b). MSSM have become a critical tool 
in ecosystem-based fisheries management, with 
applications demonstrated across diverse marine 
ecosystems. In the coastal waters of northern Yellow 
Sea, China, species-based spatial management 
approaches incorporating total allowable catch 
(TAC) methods have been effectively implemented 
for mixed fishery regulation (Wo et al., 2022). 
Analytical applications of MSSM have revealed 
significant trophic dynamics, particularly how predator 
population declines from fishing pressure can 
paradoxically increase overall catch biomass through 
ecosystem-level interactions (Szuwalski et al., 
2017). Recent methodological advancements have 
expanded MSSM frameworks to incorporate vessel 
competition dynamics, enabling simultaneous evaluation 
of ecological sustainability and socioeconomic 
outcomes in mixed fisheries (Novaglio et al., 2022). 
These applications collectively demonstrate the 
versatility of MSSMs in addressing complex fishery 
management challenges through integrated ecological 
and operational modeling approaches.

Fig.1 The Dachen Island Marine Ranch and the sampling points for fishery surveys
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2.3 Model parameterization and calibration

The 17 species that account for more than 90% 
of the total catch were selected from the annual 
survey sample data. Their growth, predation, mortality 
and reproduction parameters were collected as the 
basic output for the model (Table 2). The species 

selection rules are as follows: (1) one or more 
species from each ecological position are uniformly 
selected from a food web perspective, thereby 
projecting the ecosystem’s structural complexity 
and functional diversity; (2) the dominant species 
and those with high biomass are selected on the 

Table 1 Equations governing the model

Description

Community

Conservation equation

Community spectrum

Food consumption

Lognormal food preference curve

Encounter rate

Consumption

Somatic growth and reproduction

Available energy

Allocation of energy

Somatic growth

Egg production

Density dependence

Max recruitment

Mortality

Predation mortality

Background mortality

Starvation mortality

Selective unbalanced fishing

Resource spectrum

Resource production
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Ni(w): the abundance density of individual fish with weight w from species i with asymptotic size W∞i (from Jacobsen et al. (2014)).
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basis of the results of data processing and analysis 
to reflect the ecosystem’s stability and resilience, 
and to ensure the authenticity of the model; (3) 
economically important species are selected from an 
economic perspective.

The body shape parameters a and b were 
obtained by least-squares fitting of weight and 
length. The Wmax (progressive weight) and Kvb (growth 
rate) were estimated using the von Bertalanffy 
growth equation when age and length data were 
available. The β (predator-prey mass ratio) was 
obtained through stomach content analysis and 
published literature. The Wmat (mature size) was 
estimated on the basis of observations of the 
species’ maturity or reference to published literature, 
and for species lacking maturity information, it was 
estimated using an empirical formula 0.25×Wmax 
(Andersen and Pedersen, 2010; Houle et al., 2012). 
The catch mortality is determined by the fishing 
effort, gear selectivity, and catchability coefficient. 
The Dachen Island Marine Ranch is a protected 
marine area and lacks data on these three factors. 
The fishing gear used in this investigation was 
single trawl (which has similar selectivity for most 
fish species), the catchability coefficient was set to 
0.5 and the initial fishing effort was set to 1 to 
enable the model to run (Zhang et al., 2016a). The 

selectivity function was used as an S-shaped 
function. Thus, the selectivity parameters used in 
this study were L50 (the length at which 50% of the 
selection is retained) and L25 (the length at which 
25% of the selection is retained), with values 
inferred from Huang et al. (2005) for each species.

Rmax (maximum recruitment) refers to the maximum 
number of recruits entering the population. The kappa 
(background resource) provides food for the 
smallest fish, and its upper limit determines the 
upper limit of Rmax. To improve the model’s realism, 
we employed the collected data to estimate species 
biomass observations, which enabled us to infer the 
maximum value of Rmax and subsequent calibration 
of the kappa. The model was then optimized using 
the L-BFGS-B optimization algorithm in the R 
package optimParallel, minimizing the sum of 
squared errors between predicted and observed 
biomass values in logarithmic scale (Byrd et al., 
1995; Gerber and Furrer, 2018). The model was run 
for 50 years (assuming from 1973 to 2023) and 
reached a stable state, and the predicted and 
observed biomass were fitted (Figs.2–3).

2.4 Simulation scenario

The calibrated model was used to simulate two 
scenarios: (1) change in fishing mortality and (2) 

Table 2 Summary of species-specific parameters

Species

Trichiurus lepturus

Muraenesox cinereus

Collichthys niveatus

Pampus echinogaster

Harpadon nehereus

Larimichthys polyactis

Larimichthys crocea

Amblychaeturichthys hexanema

Lophius litulon

Thryssa kammalensis

Setipinna taty

Miichthys miiuy

Wak tingi

Collichthys lucidus

Pennahia argentata

Dasyatis laevigata

Coilia mystus

Kvb

0.25

0.20

0.88

0.32

0.98

0.45

0.35

0.36

0.22

1.00

0.40

0.30

0.73

0.66

0.46

0.14

0.89

Wmax (g)

1 066

1 594

100

686

357

379

2 038

52

3 496

30

454

2 753

213

78

523

2 337

19

Wmat (g)

159

312

6

93

21

31

144

9

460

6

26

342

23

8

38

312

5

β

35

27

218

43

18

312

142

14

25

2 409

290

43

52

154

31

83

2 232

σ

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

Rmax

1.00e+05

1.00e+05

1.00e+05

1.00e+04

1.00e+04

1.00e+05

1.00e+04

1.00e+07

1.00e+03

7.00e+06

1.00e+05

1.00e+03

1.00e+05

1.00e+06

2.00e+04

7.90e+02

8.50e+06

L25 (cm)

6.6

6.6

1.9

6.1

2.8

2.5

4.9

2.4

7.2

1.7

2.5

10.5

2.6

1.8

2.4

11.5

1.7

L50 (cm)

8.4

8.5

3.7

7.8

4.7

4.3

6.8

4.1

10.5

3.6

4.2

14.3

4.3

3.5

4.1

15.3

3.2

a

0.000 40

0.001 50

0.008 51

0.032 40

0.001 90

0.023 60

0.013 80

0.006 00

0.017 40

0.014 13

0.014 13

0.014 13

0.030 00

0.014 10

0.016 21

0.280 00

0.000 01

b

3.17

3.14

3.02

3.00

3.37

2.86

3.02

3.01

3.01

3.21

2.87

3.02

2.82

2.99

2.98

3.24

3.26
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change in selectivity of trawl, thereby providing a 
scientific foundation for the optimized management 
of marine ranch operations. Finally, the process of 
scene design is summarized in a flowchart (Fig.4).

(1) Change in fishing mortality. In this scenario, 
M. cinereus and H. nehereus were selected as 
simulated species. This resulted in the simulation 
being divided into two sub-scenarios: single-species 
management and multi-species management. In 
single-species management, four sub-scenarios 
were identified: (i) decreased fishing mortality for 
M. cinereus; (ii) increased fishing mortality for 

M. cinereus; (iii) decreased fishing mortality for 
H. nehereus; and (iv) increased fishing mortality for 
H. nehereus. In multi-species management, four sub-
scenarios were also identified: (i) decreased fishing 
mortality for M. cinereus and H. nehereus; (ii) 
increased fishing mortality for M. cinereus and 
decreased for H. nehereus; (iii) increased fishing 
mortality for M. cinereus and H. nehereus; and (iv) 
decreased fishing mortality for M. cinereus and 
increased for H. nehereus. In all scenarios, the 
magnitude of the change in mortality is set to 
increase or decrease by 75% (Qiao et al., 2024). The 

Fig.2 Model dynamics over 50 years under initial fishing mortality to reach steady state
a. feeding level of various species under the steady-state model; b. biomass of various species under the steady-state model; c. predation mortality of 

various species under the steady-state model; d. fishing mortality of various species; e. biomass density of various species under the steady-state model.

909



Vol. 44 J. OCEANOL. LIMNOL., 44(2), 2026

fishing mortality (inds./a) is calculated as the 
product of fishing effort, selectivity and catchability 
coefficient, with the latter being set as a constant of 
0.5. The fishing effort can thus be directly used to 
measure the total mortality rate, and its simulation 
can subsequently reflect changes in the latter. We 
tracked species biomass through time and examined 
community size structure pre- and post-change. 
Changes in community biomass and size structure 
were assessed through a comparison of the mean 
community biomass and size spectrum slope in the 
decade preceding the change in fishing mortality to 
the mean community biomass and size spectrum 
slope in the final decade of the simulation.

(2) Change in selectivity of trawl. Under the 
initial fishing mortality, a simulation of three sub-
scenarios with cod-end mesh sizes of 45, 54, and 
65 mm, respectively, was conducted to reflect the 
changes in selectivity. According to Huang et al. 
(2005), mesh sizes of 45, 54, and 65 mm were 
selected for simulation so that the selection 
parameters L50 and L25 could be calibrated more 
accurately. In addition, the 54-mm mesh size was 
established as the standard under the fishery 
agreement with neighboring countries. By simulating 
mesh sizes both larger and smaller than this 
regulated value, the impacts of mesh size variation 
on fisheries were objectively demonstrated. The 
corresponding L50 and L25 values were matched with 
each scenario. Changes in community biomass and 
size structure were assessed through a comparison 
of the mean community biomass, size spectrum 
slope, mean weight (MW) and large fish index (LFI) 
in the decade preceding the change in the selectivity 
of trawl to the mean community biomass, size 
spectrum slope, MW and LFI in the final decade of 
the simulation.

The model is based on an initial fishing mortality 
of 50 years to reach a steady state and then changes 
the fishing mortality and selectivity to continue 
projecting forward until a new steady state appears, 
up to 2123 and 2070. We finally focused on six 
economic fish species (T. lepturus, M. cinereus, P. 

Fig.3 Predicted and observed biomass under the steady 
state

Fig.4 Flowchart of the sub-scenarios simulation in the calibrated model
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argenteus, H. nehereus, L. polyactis, and L. crocea) 
and their maximum sustainable yield (MSY) were 
assessed.

3 RESULT

3.1 Single-species management

The MSSM output showed that in each of the 
species-specific simulations, an increase in fishing 
mortality led to a decrease in the biomass of the 
focal species, and vice versa. However, the direction 
and magnitude of changes in biomass of non-focal 
species varied across simulations. When the fishing 
mortality of M. cinereus decreased, its biomass 
eventually increased by one order of magnitude 
compared with the original value (Fig.5a), while the 
biomass of other target species decreased, with a 
greater decrease in T. lepturus. When the fishing 
mortality of M. cinereus increased, the biomass of 
all species in the community showed no significant 

temporal fluctuations, with only a slight increase in 
T. lepturus and P. echinogaster (Fig.5b). A decrease 
in the fishing mortality of H. nehereus led to an 
increase in the biomass of T. lepturus and M. 
cinereus. In contrast, the biomass of P. echinogaster, 
L. polyactis, and L. crocea decreased slightly (Fig.5c). 
The impact on other target species was relatively 
minor when the fishing mortality of the H. nehereus 
increased (Fig.5d).

In the scenario where the fishing mortality of M. 
cinereus decreased, the biomass of the community 
exhibits an upward trend, primarily driven by the 
rapid growth of the biomass of itself. Conversely, 
the biomass of other target species decreased to 
varying degrees. Relative to the scenario where the 
fishing mortality of M. cinereus decreased, the 
changes in the biomass of community and size 
spectrum slope in the other three scenarios (the 
fishing mortality of M. cinereus increased, the 
fishing mortality of H. nehereus increased and the 

Fig.5 Changes in biomass under single-species management in 2023
a. 75% decrease in fishing mortality of Muraenesox cinereus; b. 75% increase in fishing mortality of Muraenesox cinereus; c. 75% decrease in fishing 

mortality of Harpadon nehereus; d. 75% increase in fishing mortality of Harpadon nehereus.
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fishing mortality of H. nehereus decreased) were 
relatively minor (Table 3).

3.2 Multi-species management

In simulations of multi-species management, 
when the fishing mortality of both M. cinereus and 
H. nehereus decreased, the biomass of these two 
species increased significantly, while the biomass of 
the other four target species decreased to varying 

degrees, with the decrease ranging from large to 
small in the order T. lepturus, P. echinogaster, L. 
crocea, and L. polyactis (Fig.6a). On the contrary, 
when the fishing mortality of these two species 
increased, their biomass decreased, and the impact 
of this decrease on the biomass of the other four 
target species was relatively small (Fig.6c). When 
the fishing mortality of M. cinereus increased while 
the fishing mortality of H. nehereus decreased, the 
model output showed that the biomass of L. crocea 
and L. polyactis decreased, while the biomass of 
T. lepturus and P. echinogaster increased, with the 
biomass of T. lepturus increasing most significantly 
(Fig.6b). Decreased M. cinereus and increased 
H. nehereus fishing mortality led to a simultaneous 
decrease in the biomass of the four other target fish 
species, with T. lepturus biomass decreasing the 
most (Fig.6d).

Fig.6 Changes in biomass under multi-species management in 2023
a. 75% decrease in fishing mortality of Muraenesox cinereus and Harpadon nehereus; b. 75% increase in fishing mortality of Muraenesox cinereus and 

Harpadon nehereus; c. 75% decrease in fishing mortality of Harpadon nehereus and 75% increase in fishing mortality of Muraenesox cinereus; d. 75% 

increase in fishing mortality of Harpadon nehereus and 75% decrease in fishing mortality of Muraenesox cinereus.

Table 3 Change in community biomass and the size spectrum 
slope in single-species management

Species

M. cinereus

M. cinereus

H. nehereus

H. nehereus

Fishing 
mortality

Decrease

Increase

Decrease

Increase

Community 
biomass

+30.7%

-4.0%

-0.15%

+0.15%

Size spectrum 
slope

+6.8%

-0.35%

-4.5%

-0.2%
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In the context of concurrent fluctuations in 
the fishing mortality of coupled M. cinereus and 
H. nehereus populations, effects on community 
biomass and the slope of the particle size spectrum 
can be reasonably ignored only if fishing mortality 
increases for both species simultaneously. In 
contrast, the other three scenarios will result in 
significant impacts on the biomass of community 
and size spectrum slope (Table 4).

3.3 Selectivity management

The biomass of the target species, including 
L. crocea, L. polyactis, and P. argenteus, exhibits a 
positive correlation with the cod-end mesh size. As 
cod-end mesh size increased, the biomass of these 
species undergoes a rapid and sustained increase 
over a period of several years. In contrast, the 
biomass of species such as T. lepturus, M. cinereus, 
and H. nehereus exhibits an initial rapid increase in 
response to the increased cod-end mesh size, 
followed by a decrease to levels below the pre-
treatment baseline (Fig.7). The size spectrum slope, 

community MW and LFI all increased with the cod-
end mesh size (Fig.8).

3.4 MSY of each scenario

Under single-species management, the MSY of 
the target species exhibits a positive correlation with 
the fishing mortality of M. cinereus, with L. crocea, 
L. polyactis, and T. lepturus exhibiting the most 
pronounced responses to these changes. However, 
for M. cinereus, it will remain in a low-production 
state year-round (Fig.9a). The increase in the MSY 
of each target species in the scenario when the 
fishing mortality of H. nehereus was similar to the 
scenario where the fishing mortality of M. cinereus 
increased, but M. cinereus is more sensitive to 
fishing (Fig.9b).

In simulations of multi-species management, 
when the fishing mortality of M. cinereus increased 
while the fishing mortality of H. nehereus decreased 
to an appropriate extent, the trend of increase in the 
MSY of T. lepturus was significantly higher than 
that of the increase in only the fishing mortality of 
M. cinereus (Fig.10a). Within a specific range of the 
fishing mortality of M. cinereus, an increase in the 
fishing mortality of H. nehereus was predicted to 
positively impact the MSY of M. cinereus (Fig.10b). 
Within a specific range of the fishing mortality of H. 
nehereus, when the fishing mortality of M. cinereus 
increased, the MSY of H. nehereus increased (Fig.10d). 
Compared with the single-species scenario, increasing 
the fishing mortality for M. cinereus and H. nehereus 
led to an increase in the MSY of P. argenteus, 
L. crocea, and L. polyactis (Fig.10c, e, and f). In the 
case of increasing cod-end mesh size, the MSY of 

Table 4 Change in community biomass and size spectrum 
slope in multi-species management

Species

M. cinereus
H. nehereus

M. cinereus
H. nehereus

M. cinereus
H. nehereus

M. cinereus
H. nehereus

Fishing 
mortality

Decrease
Decrease

Increase
Decrease

Increase
Increase

Decrease
Increase

Community 
biomass

+25%

-0.9%

-1.8%

+32%

Size spectrum 
slope

+4.9%

-0.02%

-4.7%

+7.2%

Fig.7 Changes in biomass under selectivity management in 2023
a. cod-end mesh of 45 mm; b. cod-end mesh of 54 mm; c. cod-end mesh of 65 mm.
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T. lepturus, M. cinereus, P. argenteus, H. nehereus, 
and L. crocea decreased, whereas the MSY of 
L. polyactis increased (Fig.11).

4 DISCUSSION

We had explored the dynamic responses of fish 
communities in the Dachen Island Marine Ranch to 
various management scenarios, revealing how fishing 
activities affect community dynamics, including direct 
and indirect effects on nutrient availability.

4.1 Trophic interaction under changed fishing 
mortality

In this study, the results indicate that a decrease 
in the fishing mortality of M. cinereus could increase 
its biological quantity by one order. Meanwhile, the 

biomass of many species, including all the target 
species decreased. Reductions in fishing mortality 
for top predators had a negative impact on the 
community. Population declines of a large number 
of species have been observed in a study on 
restoring FMSY for predator populations (Zhang et al., 
2025). The decline in a large number of species may 
lead to food web instability. Furthermore, restoring 
these declining populations may prove challenging 
because small populations, driven by predation, are 
prone to the Allee effect (per capita rate of 
population growth declining as abundance decreases) 
(Neuenhoff et al., 2019). When the fishing mortality 
of M. cinereus increased, total biomass of community 
decreased by only 0.31%. Although the biomass of 
all target species remained almost unchanged, their 
MSY improved. In a study of the East China Sea, 
the removal of top predators has been shown to 
increase community productivity (Szuwalski et al., 
2017). Furthermore, Matsuda and Abrams (2006) 
demonstrated that changing the fishing mortality of 
top predators can have a trophic cascading effect. 
Changing the fishing mortality of H. nehereus 
exhibits no significant impact on the biomass of 
community and size spectrum slope. Notably, 
decreasing the fishing mortality of H. nehereus 
causes a decrease in the biomass and MSY of 
L. crocea and L. polyactis. An analysis of stomach 
contents showed that H. nehereus not only engages 
in intraspecific predation but also predominantly 
feeds on the juvenile stages of L. crocea and 
L. polyactis (Pan, 2011; Shi, 2018). L. crocea is one 
of the primary species for stocking in the Dachen 

Fig.8 Changes in size spectrum slope, community MW 
and LFI when the cod-end mesh size increased 
compared with 25 mm

Fig.9 Changes in MSY under single-species management
a. change the fishing mortality of M. cinereus; b. change the fishing mortality of H. nehereus.

914



No. 2 ZHANG et al.: Size spectrum modeling in marine ranch

Island Marine Ranch, and increasing the fishing 
mortality of H. nehereus may potentially contribute 
to the sustained growth of L. crocea populations.

In our multi-species management scenarios, 
simultaneous alterations in the fishing mortality of 
both M. cinereus and H. nehereus can either suppress 
or enhance the results of a single-species simulation. 

For example, compared with the scenario in which 
only the fishing mortality of M. cinereus decreased, 
a decrease in fishing mortality for both M. cinereus 
and H. nehereus can lead to a decrease in the 
biomass of M. cinereus and an increase in the 
biomass of other target species. As both M. cinereus 
and H. nehereus are bottom-dwelling fish species 

Fig.10 Changes in MSY under multi-species management, contour map of MSY when the fishing mortality of 
Muraenesox cinereus and Harpadon nehereus changes
a. MSY of Trichiurus lepturus; b. MSY of Muraenesox cinereus; c. MSY of Pampus echinogaster; d. MSY of Harpadon nehereus; e. MSY of 

Larimichthys polyactis; f. MSY of Larimichthys crocea.
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that occupy similar habitats, their spatial overlap can 
be expected to increase under decreased fishing 
mortality. According to Grinnell’s hypothesis 
(Grinnell, 1917), this decrease in fishing mortality 
can exacerbate the competitive pressure for survival 
space between the two species. Simultaneous 
increases in the fishing mortality of M. cinereus and 
H. nehereus did not exhibit a significant difference 
compared with individual increases in the fishing 
mortality of each species, with the biomass of 
community decreasing by only 1.8%. And the 
biomass of other species remains basically unchanged. 
This observation appears to contravene the expectation 
of the predator release effect, which posits that 
predation pressure can be alleviated by the removal 
of predators, thereby enhancing prey populations 
and biomass (Law et al., 2016). Notably, the 
predator release effect is not universally applicable, 
as marine ecosystems are complex and unstable. 
The intricate food webs in these ecosystems can, to 
some extent, mitigate the predator release effect. 
When a predator is removed from the system, other 
species can assume similar functional roles, thereby 
compensating for the loss; this phenomenon is 
known as functional redundancy (Pauly et al., 
2002). Furthermore, the removed predator may also 
exert indirect effects on the competitors of the target 
species, thereby influencing the dynamics of target 
species.

4.2 Specific selection of cod-end size

A trawl is a widely used fishing gear in the 
marine fishing industry and is highly non-selective. 
When the cod-end mesh size increased, the biomass 
and MSY of L. polyactis and P. argenteus grew 
rapidly within a few years. According to previous 
studies, a larger cod-end mesh size demonstrated 

filter out smaller fish, which will escape and grow 
into catchable fish populations in the future, thereby 
increasing their MSY (Maynou et al., 2021). An 
increase in the cod-end mesh size resulted in a 
significant decrease in the biomass of larger fish 
species, including M. cinereus, T. lepturus, and 
L. crocea. In general, the selective properties of 
trawls and other active gears were adapted by 
altering the size selection in the cod-end (Glass, 
2000). This strategy assumes that most fish entering 
the gear drift towards the cod-end, where a simple 
size selection process occurs: smaller fish with 
specific morphological characteristics have a greater 
probability of passing through the meshes and 
escaping, whereas larger fish have a greater 
probability of being retained in the cod-end. Thus, 
the retention probability increases with the size of 
fish (Elliott, 1984; Reeves et al., 1992; Dickson 
et al., 1995; MacLennan, 1995; Wileman, 1996; 
Millar and Fryer, 1999; Huse et al., 2000). In 
addition, the limitations of survey techniques have 
led to an underestimation of the biomass of certain 
species. The marine ranch area of Dachen Island is a 
paradigmatic example of an island reef ecosystem. 
Barros et al. (2001) suggest that the abundance of 
certain fish species exhibits a gradient distribution 
with increasing distance from the island reef 
environment. The survey points were strategically 
selected to be located at a considerable distance 
from the island reef to ensure the success of the 
trawl survey in this area. Consequently, this 
sampling approach may have resulted in the 
underestimation of certain species that are strongly 
affiliated with the reef habitat (e.g., M. cinereus).

4.3 Limitation of ecological indicator in 
management scenario

We used the size spectrum slope, LFI and MW, 
to assess the ecological status of the community. 
The MSY of economically important species is 
employed to evaluate the efficacy of marine ranch 
management strategies. An analysis revealed that in 
scenarios where the mortality of M. cinereus 
increased, the size spectrum slope decreased, 
resulting in steep spectrum lines. In contrast, when 
the mortality of M. cinereus decreased, the size 
spectrum slope increased, resulting in a flattening of 
the spectrum lines. Many studies proved that 
increased fishing mortality leads to a steepening of 
the spectrum slope as more desirable large-bodied 
individuals are removed (Rice and Gislason, 1996; 
Bianchi et al., 2000). Furthermore, our simulations 

Fig.11 MSY of six main economic species at cod-end mesh 
sizes of 25, 45, 54 and 65 mm
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revealed that changes in the fishing mortality had 
minimal effects on the slope of the quality spectrum 
in other scenarios. The importance of large predators 
in influencing the slope of the community size 
spectrum was previously demonstrated in sensitivity 
analyses of a similar model (Benoit et al., 2021). 
Thus, caution should be taken when using size 
spectrum slopes as indicators of community status 
because changes in the community size spectrum 
slope driven by the largest predators may not reflect 
changes in the size distributions of other target 
species (Benoit et al., 2022).

Trawls have low species selectivity and size 
selectivity, and therefore also generate significant 
amounts of bycatch, including low-value and 
prohibited size ranges. Both types of bycatch are 
issues of growing concern in the public and 
scientific spheres (Lewison et al., 2004). Increasing 
the cod-end mesh size can effectively mitigate the 
adverse impacts of fishing on the fishery industry. 
Our study reveals that increasing the cod-end mesh 
size leads to a significant increase in the LFI and a 
corresponding rise in the MW of the fish community. 
Concomitantly, the mitigation of predation pressure 
on smaller fish species has also been achieved, 
thereby increasing their MSY and promoting a more 
balanced ecosystem. While improved selectivity can 
help balance exploitation rates with the productivity 
and abundance of component populations in mixed 
fisheries, improved selectivity can also lead to 
greater contrasts in production or biomass among 
components of the food web (Rochet et al., 2011). In 
this study, it has been found that the biomass of 
larger species is in a state of decline. Over time, the 
decline in larger species may disrupt food web 
balance. Moreover, the LFI and MW of community 
are two metrics that fail to adequately capture the 
community’s biodiversity and size diversity (Rochet 
et al., 2009). Consequently, if the management 
objective is to preserve the ecological integrity and 
functional resilience of the ecosystem, then 
increasing selective fishing pressure may not be an 
effective strategy to achieve this goal (Hall, 1996).

In conclusion, the two strategies of predator-
targeted fishing and increasing cod-end mesh size 
appear to improve overall status of the community. 
However, their potential negative impacts should 
not be overlooked. For instance, the consideration of 
biodiversity is neglected in terms of ecological 
functions, and climate factors were not incorporated 
into the modeling process. Therefore, we underscore 
that trade-offs exist among management strategies 

(For example, there are opposite adaptations of large 
fish and small fish when increasing cod-end mesh 
size). When trade-offs exist, there is no simple 
answer to the ‘best’ management scenario. Each 
management scenario has priorities and faces 
different trade-offs. We shall endeavor to develop 
strategies that will achieve multiple wins.

5 DATA AVAILABILITY STATEMENT

The data that support the findings of this study 
are available from the corresponding author upon 
reasonable request.

References

Andersen K H, Beyer J E. 2006. Asymptotic size determines 
species abundance in the marine size spectrum. The 
American Naturalist, 168(1): 54-61, https://doi.org/10.
1086/504849.

Andersen K H, Jacobsen N S, Farnsworth K D. 2016. The 
theoretical foundations for size spectrum models of fish 
communities. Canadian Journal of Fisheries and Aquatic 
Sciences, 73(4): 575-588, https://doi.org/10.1139/cjfas-
2015-0230

Andersen K H, Pedersen M. 2010. Damped trophic cascades 
driven by fishing in model marine ecosystems. 
Proceedings of the Royal Society B: Biological Sciences, 
277(1682): 795-802, https://doi.org/stable/40506185.

Barros F, Underwood A J, Lindegarth M. 2001. The influence 
of rocky reefs on structure of benthic macrofauna in 
nearby soft-sediments. Estuarine, Coastal and Shelf 
Science, 52(2): 191-199, https://doi.org/10.1006/ecss.
2000.0734.

Benoit D M, Chu C, Giacomini H C et al. 2022. Size 
spectrum model reveals importance of considering 
species interactions in a freshwater fisheries management 
context. Ecosphere, 13(7): e4163, https://doi.org/10.1002/
ecs2.4163.

Benoit D M, Giacomini H C, Chu C et al. 2021. Identifying 
influential parameters of a multi-species fish size 
spectrum model for a northern temperate lake through 
sensitivity analyses. Ecological Modelling, 460: 109740, 
https://doi.org/10.1016/j.ecolmodel.2021.109740.

Bianchi G, Gislason H, Graham K et al. 2000. Impact of 
fishing on size composition and diversity of demersal 
fish communities. ICES Journal of Marine Science, 
57(3): 558-571, https://doi.org/10.1006/jmsc.2000.0727.

Byrd R H, Lu P H, Nocedal J et al. 1995. A limited memory 
algorithm for bound constrained optimization. SIAM 
Journal on Scientific Computing, 16(5): 1190-1208, 
https://doi.org/10.1137/0916069.

Chen P M, Shu L M, Yuan H R et al. 2019. Review on 
development, definition and classification of marine 
ranching in domestic and overseas. Journal of Fisheries 
of China, 43(9): 1851-1869, https://doi.org/10.11964/jfc.
20190711887. (in Chinese with English abstract)

Dickson W, Smith A, Walsh S. 1995. Methodology Manual: 

917



Vol. 44 J. OCEANOL. LIMNOL., 44(2), 2026

Measurement of Fishing Gear Selectivity. Fisheries and 
Oceans Canada, Ottawa, Ontario.

Ding D W, Suo A N. 2022. Theoretical thinking of artificial 
ecosystem for modern marine ranching. Bulletin of 
Chinese Academy of Sciences, 37(9): 1335-1346, https://
doi.org/10.16418/j.issn.1000-3045.20210518003. (in Chinese 
with English abstract)

Elliott J M. 1984. Review: fish stock assessment: a manual of 
basic methods. Journal of Animal Ecology, 53(2): 700, 
https://doi.org/10.2307/4553.

Gaichas S, Gamble R , Fogarty M et al. 2012. Assembly rules 
for aggregate-species production models: simulations in 
support ofmanagement strategy evaluation. Marine 
Ecology Progress Series, 459: 275-292, https://doi.org/
10.3354/meps09650.

Gerber F, Furrer R. 2018. optimParallel: an R package 
providing parallel versions of the gradient-based 
optimization methods of optim. arXiv: 1804.11058, 
https://doi.org/10.48550/arXiv.1804.11058.

Glass C W. 2000. Conservation of fish stocks through 
bycatch reduction: a review. Northeastern Naturalist, 
7(4): 395-410, https://doi.org/10.2307/3858520.

Grinnell J. 1917. The niche-relationships of the California 
thrasher. The Auk, 34(4): 427-433, https://doi.org/10.
2307/4072271.

Hall M A. 1996. On bycatches. Reviews in Fish Biology and 
Fisheries, 6(3): 319-352, https://doi.org/10.1007/BF00122585.

Hall S J, Mainprize B. 2004. Towards ecosystem-based 
fisheries management. Fish and Fisheries, 5(1): 1-20, 
https://doi.org/10.1111/j.1467-2960.2004.00133.x.

Hartvig M, Andersen K H, Beyer J E. 2011. Food web 
framework for size structured populations. Journal of 
Theoretical Biology, 272(1): 113-122, https://doi.org/10.
1016/j.jtbi.2010.12.006.

Hilborn R, Fulton E A, Green B S et al. 2015. When is a 
fishery sustainable? Canadian Journal of Fisheries and 
Aquatic Sciences, 72(9): 1433-1441, https://doi.org/10.
1139/cjfas-2015-0062.

Houle J E, Farnsworth K D, Rossberg A G et al. 2012. 
Assessing the sensitivity and specificity of fish 
community indicators to management action. Canadian 
Journal of Fisheries and Aquatic Sciences, 69(6): 1065-
1079, https://doi.org/10.1139/f2012-044.

Huang H L, Wang M Y, Xu B S, Zhang X, Tang Z M. 2005. 
Study on selectivity of mesh size of cod-end of trawl in 
the East China Sea region. Journal of Fisheries of 
China, 29(2): 232-237. (in Chinese with English abstract)

Huse I. Løkkeborg S, Soldal A V. 2000. Relative selectivity 
in trawl, longline and gillnet fisheries for cod and 
haddock. ICES Journal of Marine Science, 57(4): 1271-
1282. https://doi.org/10.1006/jmsc.2000.0813.

Jacobsen N S, Gislason H, Andersen K H. 2014. The 
consequences of balanced harvesting of fish 
communities. Proceedings of the Royal Society B: 
Biological Sciences, 281(1775): 20132701, https://doi.
org/10.1098/rspb.2013.2701.

Law R, Plank M J, Kolding J. 2016. Balanced exploitation 
and coexistence of interacting, size-structured, fish 

species. Fish and Fisheries, 17(2): 281-302, https://doi.
org/10.1111/faf.12098.

Lewison R L, Crowder L B, Read A J et al. 2004. 
Understanding impacts of fisheries bycatch on marine 
megafauna. Trends in Ecology & Evolution, 19(11): 598-
604, https://doi.org/10.1016/j.tree.2004.09.004.

Ling S. 2012. The enlightenment of the development 
experience of recreational fishery in the United States to 
the Yangtze River Delta. China Fisheries, (6): 46-48. (in 
Chinese)

MacLennan D N. 1995. Gear selectivity and the variation of 
yield. ICES Journal of Marine Science, 52(5): 827-836, 
https://doi.org/10.1006/jmsc.1995.0097.

Matsuda H, Abrams P A. 2006. Maximal yields from 
multispecies fisheries systems: rules for systems with 
multiple trophic levels. Ecological Applications, 16(1): 
225-237, https://doi.org/10.1890/05-0346.

Maynou F, García-de-Vinuesa A, Sánchez P et al. 2021. 
Bioeconomic impacts of two simple modifications to 
trawl nets in the NW Mediterranean. Ocean & Coastal 
Management, 213: 105853, https://doi.org/10.1016/j.
ocecoaman.2021.105853.

Millar R B, Fryer R J. 1999. Estimating the size-selection 
curves of towed gears, traps, nets and hooks. Reviews in 
Fish Biology and Fisheries, 9(1): 89-116.

Ministry of Agriculture of the People’s Republic of China. 
2017. Classification of Marine Ranching, SC/T 9111-
2017. (in Chinese)

Neuenhoff R D, Swain D P, Cox S P et al. 2019. Continued 
decline of a collapsed population of Atlantic cod (Gadus 
morhua) due to predation-driven Allee effects. Canadian 
Journal of Fisheries and Aquatic Sciences, 76(1): 168-
184, https://doi.org/10.1139/cjfas-2017-0190.

Novaglio C, Blanchard J L, Plank M J et al. 2022. Exploring 
trade-offs in mixed fisheries by integrating fleet dynamics 
into multispecies size-spectrum models. Journal of 
Applied Ecology, 59(3): 715-728, https://doi.org/10.1111/
1365-2664.14086.

Pan X W. 2011. The Primary Study on Biology of Harpadon 
nehereus in the East. Shanghai Ocean University, 
Shanghai, China. (in Chinese with English abstract)

Pauly D, Christensen V, Guénette S et al. 2002. Towards 
sustainability in world fisheries. Nature, 418(6898): 689-
695, https://doi.org/10.1038/nature01017.

Pikitch E K, Santora C, Babcock E A et al. 2004. Ecosystem-
based fishery management. Science, 305(5682): 346-
347, https://doi.org/10.1126/science.1098222.

Qiao J L, Li X D, Li J L et al. 2024. Assessing the impacts of 
fishing on fish community in marine ranch of the 
Wuzhizhou Island based on size-spectrum model. Acta 
Oceanologica Sinica, 46(01): 64-76, https://doi.org/10.
12284/hyxb2024020.

Reeves S A, Armstrong D W, Fryer R J et al. 1992. The 
effects of mesh size, cod-end extension length and cod-
end diameter on the selectivity of Scottish trawls and 
seines. ICES Journal of Marine Science, 49(3): 279-288, 
https://doi.org/10.1093/icesjms/49.3.279.

Rice J, Gislason H. 1996. Patterns of change in the size 

918



No. 2 ZHANG et al.: Size spectrum modeling in marine ranch

spectra of numbers and diversity of the North Sea fish 
assemblage, as reflected in surveys and models. ICES 
Journal of Marine Science, 53(6): 1214-1225, https://doi.
org/10.1006/JMSC.1996.0146

Rochet M J, Benoît E, Collie J S. 2009. Is selective fishing 
more harmful to marine communities than even 
exploitation? Theoretical investigations. ICES CM 2009/
M: 07.

Rochet M J, Collie J S, Jennings S et al. 2011. Does selective 
fishing conserve community biodiversity? Predictions 
from a length-based multispecies model. Canadian 
Journal of Fisheries and Aquatic Sciences, 68(3): 
469-486.

Ru X S, Deng B N, Feng Q M et al. 2023. Comparison of 
marine ranching constructions between China and 
foreign countries. Journal of Fisheries of China, 47(11): 
119508, https://doi.org/10.11964/jfc.20230914149. (in 
Chinese with English abstract)

Rui Y, Jiang R J, Wang X H et al. 2022. Characteristics of 
fish community structure and its relationship with 
environmental factors in Dachenyang spawning ground 
reserve. Journal of Fisheries of China, 46(6): 995-1007, 
https://doi.org/10.11964/jfc.20200912421. (in Chinese 
with English abstract)

She Y A. 2008. The development of marine ranching in 
Korea and Japan and the necessity analysis of this work 
in China. China Fisheries, (3): 22-24. (in Chinese)

Shi Y. 2018. Seasonal Variation in Trophic Niche of Common 
Fishes in the Min Estuary based on Stable Isotope. Jimei 
University, Xiamen, China. (in Chinese with English 
abstract)

Smith M D, Fulton E A, Day R W. 2015. An investigation 
into fisheries interaction effects using Atlantis. ICES 
Journal of Marine Science, 72(1): 275-283, https://doi.
org/10.1093/icesjms/fsu114.

Szuwalski C S, Burgess M G, Costello C et al. 2017. High 
fishery catches through trophic cascades in China. 
Proceedings of the National Academy of Sciences of the 
United States of America, 114(4): 717-721, https://doi.
org/10.1073/pnas.1612722114.

Tang Q S. 2019. Fishery resources enhancement, marine 
ranching, enhancement-based fisheries, and their 
development positioning. China Fisheries, (5): 28-29. 
(in Chinese)

Thrush S F, Dayton P K. 2002. Disturbance to marine benthic 
habitats by trawling and dredging: implications for 
marine biodiversity. Annual Review of Ecology, 
Evolution, and Systematics, 33(1): 449-473, https://doi.
org/10.1146/annurev.ecolsys.33.010802.150515.

Tsagarakis K, Palialexis A, Vassilopoulou V. 2014. 
Mediterranean fishery discards: review of the existing 
knowledge. ICES Journal of Marine Science, 71(5): 
1219-1234, https://doi.org/10.1093/ICESJMS/FST074.

Wang E C. 2015. Research on the Construction and Upgrade 
of Marine Ranching. Ocean University of China, 
Qingdao, China. (in Chinese with English abstract)

Wang S C. 2010. Marine ranching construction: a major 
industrial revolution in the utilization of marine living 
resources. Taishan Academic Journal, (10): 22-25, https://
doi.org/10.3969/j.issn.1671-2854.2010.10.007. (in Chinese)

Wileman D A. 1996. Manual of Methods of Measuring the 
Selectivity of Towed Fishing Gears. ICES Cooperative 
Research Reports.

Wo J, Zhang C L, Ji Y P et al. 2022. A multispecies TAC 
approach to achieving long-term sustainability in 
multispecies mixed fisheries. ICES Journal of Marine 
Science, 79(1): 218-229, https://doi.org/10.1093/icesjms/
fsab257.

Yang H S, Ding D W. 2022. Marine ranching version 3.0: 
history, status and prospects. Bulletin of Chinese 
Academy of Sciences, 37(6): 832-839, https://doi.org/
10.16418/j.issn.1000-3045.20211117011. (in Chinese with 
English abstract)

Yang H S, Zhang S Y, Zhang X M et al. 2019. Strategic 
thinking on the construction of modern marine ranching 
in China. Journal of Fisheries of China, 43(4): 1255-
1262, https://doi.org/10.11964/jfc.20190211670. (in Chinese 
with English abstract)

Yang H S. 2016. Construction of marine ranching in China: 
reviews and prospects. Journal of Fisheries of China, 
40(7): 1133-1140, https://doi.org/10.11964/jfc.20160510386. 
(in Chinese with English abstract)

Yang H S. 2023. Current status and prospects of 
technological innovation development in modern 
fisheries. Science Press, Beijing, p.415-457. (in Chinese)

Yu J Y, Jia T Y, Wang C R et al. 2023. Researching progress 
of Chinese marine ranches based on bibliometric 
analysis. Transactions of Oceanology and Limnology, 
45(6): 189-197, https://doi.org/10.13984/j.cnki.cn37-1141.
2023.06.023. (in Chinese with English abstract)

Zhang C L, Chen Y, Ren Y P. 2016a. An evaluation of 
implementing long-term MSY in ecosystem-based 
fisheries management: incorporating trophic interaction, 
bycatch and uncertainty. Fisheries Research, 174: 179-
189, https://doi.org/10.1016/j.fishres.2015.10.007.

Zhang C L, Chen Y, Thompson K et al. 2016b. Implementing 
a multispecies size-spectrum model in a data-poor 
ecosystem. Acta Oceanologica Sinica, 35(4): 63-73, 
https://doi.org/10.1007/s13131-016-0822-0.

Zhang J J, Qiao J L, Cheng X P et al. 2025. Evaluation of 
integrated strategies of fisheries management based on 
multi-species size spectrum model. Oceanologia et 
Limnologia Sinica, 56(04): 1028-1039, https://doi.org/
10.11693/hyhz20250100024.

Zhao S L. 2016. Fauna of Marine Fishes in Zhejiang. 
Zhejiang Science and Technology Publishing House, 
Hangzhou. (in Chinese)

Zou Q D, Wang Z H, Zhang S Y et al. 2024. Characteristics 
of fish community structure in the sea area of Dachen 
Island. Chinese Journal of Ecology, 43(3): 795-803, 
https://doi.org/10.13292/j.1000-4890.202403.005. (in 
Chinese with English abstract)

919


