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Introduction: Marine ranching is an effective marine ecosystem protection

measure that not only helps protect marine resources, but also has an

important carbon sink function.

Methods: This study took the Haizhidu marine ranching in the Bohai sea of China

as the research object, constructed 20 functional groups in the area, and used the

ecosystemmodel Ecopath with Ecosim (EwE) and stable isotopes (d13C and d15N)
to model the system, evaluate the biological structure, energy transfer efficiency,

and ecological carrying capacity (ECC) of different functional groups in the system,

and calculate the carbon sequestration potential when shellfish reach ECC and the

impact of marine ranching construction on system stability and maturity.

Results and Discussion: The results of the study on the characteristic parameters

of the marine ranching system show that in the Haizhidu marine ranching

ecosystem, the functional group with the highest biomass is the sediment

detritus functional group (37.75 t/km2), followed by phytoplankton (21.40 t/

km2), and the lowest is the other pelagic fishes (0.26 t/km2); the highest

trophic level is the Platycephalus indicus (3.70), followed by the 3.43 of

Sebastes schlegelii and cephalopods; the energy transfer efficiency is mainly

concentrated in the trophic levels I and II. The simulation results of the shellfish
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ECC show that the ECC of shellfish in this system is 49.21 t/km2. When the system

reaches this capacity, the carbon sequestration potential of shellfish is 12.44 t/

km2, and the total carbon fixation of the system can increase by 12.90 t/km2. At

the same time, the ecosystem showed a high degree of maturity and stability

when the shellfish proliferated to the ECC.

Conclusion: In general, the results show that in the process of marine ranching

management, reasonable control of the number of shellfish can improve the

stability of the system and increase its carbon sequestration capacity. The

research results can provide a scientific reference for the ecological service

function of marine ranching in the future and increase the carbon sequestration

service function of marine ranching ecosystems.
KEYWORDS

marine ranching, ecological carrying capacity, stable isotope, carbon sequestration
potential, Ecopath with Ecosim
GRAPHICAL ABSTRACT

Graphic abstract of the present study.
1 Introduction

As the largest active carbon reservoir on Earth, the ocean plays a

pivotal role in mitigating the global greenhouse effect, including

phenomena such as global warming, ocean acidification, and

extreme weather events (Wang et al., 2024). Among marine

ecosystems, offshore environments exhibit strong carbon sink

capacities, significantly contributing to CO2 reduction and global

climate change mitigation (Dutta et al., 2019). To enhance these

functions, numerous offshore projects and studies have been

implemented globally, with marine ranching emerging as a key
02
focus (Wan et al., 2021). Research indicates that marine ranching

can substantially contribute to ecological restoration and

greenhouse gas mitigation (Wan et al., 2021). Notably, shellfish, a

cornerstone species in marine ranching construction, exhibit

exceptional carbon sink potential through mechanisms such as

biological carbon fixation, shell carbon fixation, sediment carbon

sequestration, and inert organic carbon storage (Pan et al., 2019a, b;

Hurst et al., 2022). Compared to other marine organisms, shellfish

possess the highest potential for permanent carbon fixation, making

their ecosystem contributions a focal point of research (Feng

et al., 2023).
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By the end of 2020, shellfish carbon sequestration in China’s

national marine ranching demonstration areas reached 2.5 million

tons (Cao and Shen, 2022). However, high-density shellfish

populations may negatively impact marine ecosystems, potentially

altering ecosystem structures, reducing biodiversity, and causing

functional group collapses (Han et al., 2018). Therefore, evaluating

the ecological carrying capacity (ECC) of shellfish and the broader

system is crucial for the sustainable development of marine ranching

and optimizing their ecological restoration and carbon sink functions.

Carrying capacity is defined as the maximum biomass of a

specific population that an ecosystem can sustain under given

environmental conditions, such as food and habitat availability

(Filgueira et al., 2021). Inglis et al. (2000) categorized shellfish

carrying capacity into four dimensions: physical, production,

ecological, and social. Among these, ECC refers to the maximum

biomass of target species that can be supported without causing

long-term adverse impacts on the species or ecosystem (McKindsey

et al., 2006). Significant progress has been made in studying

ecological capacity, encompassing ecosystem restoration (Xu

et al., 2019), resource recovery (Oginah et al., 2020), structural

improvement (Hurst et al., 2022), and sustainable aquaculture

(Zhang et al., 2023).

Various methods exist for assessing ECC, including the food

restriction index (Bacher et al., 2003), numerical models (Zhao

et al., 2019), and feed budget models (Liu et al., 2015). However,

these methods often focus on single limiting factors, overlooking

system-level interactions, which can lead to inaccuracies. To

accurately determine ECC, it is essential to incorporate predator-

prey relationships and environmental dynamics (Shi et al., 2024).

The Ecopath with Ecosim (EwE) model is widely employed for this
Frontiers in Marine Science 03
purpose, as it evaluates ecosystem structure and energy flows based

on nutrient dynamics (Papapanagiotou et al., 2020). Studies

utilizing the EwE model have addressed various taxa, including

crustaceans (Feng et al., 2022), fish (Xu et al., 2011), and shellfish (Li

et al., 2023), across diverse ecosystems such as ponds (Xiao et al.,

2023), rivers (Sreekanth et al., 2021) and oceans (Wang et al., 2022).

Estimating ECC using the EwE model requires comprehensive

food web data, for which stable isotope technology is considered

highly reliable (Newell et al., 2022). Stable isotopes in animal tissues

record trophic level and food source information. Stable isotopes

d13C trace carbon flow pathways and food sources, while stable

isotopes d15N estimate trophic levels. This combination enhances

the accuracy of EwE model outputs (Tadiso et al., 2011; Endo et al.,

2012). Researchers have integrated stable isotope techniques with

EwE models to study diverse aquatic ecosystems, including

reservoirs (Moraes et al., 2020), fisheries (Gao et al., 2021), and

marine ranching (Wang, 2023).

This study focuses on the Haizhidu marine ranching area in the

Bohai Sea, a national demonstration area spanning 667 ha. Located

in Tangshan Bay National Tourism Island, the site offers favorable

environmental conditions, including minimal typhoons, stable sea

states, and well-developed infrastructure (Wang, 2021). Using

stable isotope technology (d13C and d15N) combined with the

EwE model, we evaluated the effects of marine ranching

construction on ECC, stability, and biological carbon

sequestration potential. Additionally, we estimated the carbon

sequestration potential of shellfish and the broader system under

conditions of ECC. This study aims to provide a scientific basis for

optimizing the ecological restoration and carbon sequestration

functions of marine ranching.
FIGURE 1

Schematic diagram of survey stations in the Haizhidu marine ranching.
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2 Materials and methods

2.1 Study area

Haizhidu marine ranching is located near the Tangshan Bay

International Tourism Island, in the center of the Bohai Bay

(Figure 1). The sea area belongs to the northern temperate

monsoon climate, with an average annual temperature of roughly

10°C and an average precipitation of 613.2 mm/a. According to

historical meteorological data, there are rare records of disastrous

weather and severe sea conditions in the sea area, and it is one of the

fourth batch of national marine ranching demonstration places

in China.

Haizhidu marine ranching is intended to constructing a muddy

seabed ecological restoration system in the Bohai Sea. Since 2017, it

has deployed a total of 1.477×105 m3 of diverse reefs, including

7.54×104 m3 of rock reefs, covering 667 ha of sea area (Wang, 2021).
2.2 Sample collection

Sample collection was done in July 2023 (summer) on a diesel-

powered big marine ranching resource assessment and conservation

fishing vessel (Figure 2). The sampling methods specified in the

specification for marine monitoring (GB 17378-2007) and the

specifications for oceanographic survey (GB 12763-2007) were

strictly followed to collect plankton, benthos and swimming

organisms respectively.

In this study, plankton were sampled using shallow water type I

and III plankton nets. During sampling, vertical tows were conducted

from the bottom to the surface layer at a constant speed of 0.5~1.0 m/

s. The nets were rinsed with distilled water into 500 ml polyethylene

bottles. For phytoplankton, 505 mm sieve silk was used to filter out
Frontiers in Marine Science 04
zooplankton, while phytoplankton were preserved in 1% Lugol’s

solution, and zooplankton in 4% formaldehyde solution.

For swimming organisms in the study area, dip nets (8.5 m long, 30

cm × 20 cm cross-section, 2.5 cm mesh size) and gillnets (50 m long,

1.4 m high, 2.5 cm mesh size) were used and collected after 3 days.

For benthos, a 0.1 m2 grab sampler was used. For macrofauna,

four replicates per site were taken, washed through a 500 mm sieve,

and preserved in 75% alcohol. For meiofauna, each site was sampled

twice. An acrylic tube was used to collect undisturbed sediment

from 5 cm depth, with three replicates. Samples were stored in 250

mL polyethylene bottles with 75% alcohol.

Particulate organic matter (POM) was collected in line with the

specification for marine monitoring. Part3: Sample collection,

storage and transportation (GB 17378.3-2007). Sedimentary

organic matter (SOM) was collected on sites using a grab

sampler, and each station was collected three times. Undisturbed

sediments at 0~2 cm were obtained and deposited in acid-washed

polyethylene bags after passing through a 42 mm standard filter (to

eliminate macrofauna and meiofauna). All samples were held

frozen at −20°C until further examination.
2.3 Total carbon and stable isotope
analysis

Thoroughly combine all samples used for total carbon (TC) and

stable isotope ratio (d13C and d15N) determinations, weighed and

recorded the wet weight for calculating the carbon content. The

samples were then freeze-dried, weighed for dry weight, ground,

and passed through a 100-mesh sieve. The total carbon of all

samples is determined using an Elementar Vario elemental

analyzer (Vario TOC cube, Elementar company), with results

directly produced as dry weight carbon content (%).
FIGURE 2

On-site sampling (a: group photo of the crew; b: preparation before sampling; c: collecting sediments; d: collecting phytoplankton; e: collecting
zooplankton; f: recording data).
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Before carbon and nitrogen stable isotope analysis, membrane

samples were fumigated with 1N HCl to remove inorganic carbon,

then dried at 60°C and stored frozen. Powder samples were acidified

with 1N HCl (10 mL per 1 g sample), rinsed three times with

deionized water, dried at 60°C, ground, and kept for analysis. The

carbon and nitrogen stable isotope measurements of all samples

were carried out in the Stable Isotope Laboratory of the School of

Environment and Ecology of Xiamen University. The d13C and

d15N of the samples were measured by isotope mass spectrometry

(EA-IRMS, Thermo Fisher Delta V Advantage). Each sample was

measured in triplicate to ensure the accuracy of the results. The

results are expressed in the standard unit d symbol (Equation 1),

which is defined as follows:

dX = ½(Rsample =Rstandard) − 1� � 1000‰ (1)

Among them, X=13C or 15N, R=13C/12C or 15N/14N ratio. The

standard species for carbon stable isotopes is Vienna Pee Dee

Belemnite standard (VPDB), and the standard material for

nitrogen stable isotopes is nitrogen (N2) in purified atmosphere

(Planas, 2022).

All species are categorized into three classes according to their

food composition: planktonic and detritus feeders, omnivore, and

carnivores to determine the types of food they may receive. Then,

the MixSIAR model of R 4.0.5 was used to assess the contribution

rate of probable food sources in different functional groups.
2.4 Model construction principle

In the EwE model, an ecosystem is defined as consisting of

ecologically connected biological functional categories. Functional

groupings can include plankton, organic detritus, a type of fish, fish

at a certain age stage, or species with comparable ecological traits

(such as dietary composition). All biological functional groupings

should encompass all material or energy flow activities in the

ecosystem. According to the theory of thermodynamics, the

intake and output of materials or energy of a biological functional

group in an ecosystem should be balanced, that is, productivity is

equal to the sum of predation deaths, biological accumulation,

catch, migration and other deaths (Equation 2). This can be

expressed by the mathematical equation:

Bi �  (P=B)i  � EEi  =  ojBj �  (Q=B)j �  DCij  +  Yi  +  BAi  +  Ei (2)

where, Bi represents the biomass of functional group (i). (P/B)i
represents the ratio of productivity to biomass of functional group

(i), (Q/B)j represents the ratio of total food intake to biomass of

functional group (i), and EEi is the ecotrophic efficiency of

functional group (i). DCij represents the proportion of prey (j) in

the food composition of predator (i). BAi is the bioaccumulation of

functional group (i). Yi is the catch or harvest of functional group

(i), and Ei is the net migration of functional group (i) (migration out

minus immigration).
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Another equation is used to check and determine the mass

balance of the system (Equation 3). That is, the consumption of

each biological functional group should be equal to the sum of the

production, respiration and undigested food of the biological

functional group, expressed as the following formula:

Bi �  (Q=B)i  =  Bi �  (P=B)i  +  Ri  +  Ui (3)
TABLE 1 Functional groups and species composition in Haizhidu
marine ranching.

Functional
group

Composition

Gobiid fish Amoya pflaumi, Chaeturichthys stigmatias, Acanthogobius
ommaturus, Triaenopogon barbatus

Sebastes
schlegelii

Sebastes schlegelii

Hexagrammos
otakii

Hexagrammos otakii

Other
demersal fishes

Cynoglossus joyneri, Cynoglossus semilaevis, Thamnaconus
modestus, Enedrias fangi

Platycephalus
indicus

Platycephalus indicus

Johnius
belangerii

Johnius belangerii

Other
pelagic fishes

Setipinna tenuifilis, Sebastes hubbsi, Konosirus punctatus,
Sillago sihama, Argyrosomus argentatus

Oratosquilla
oratoria

Oratosquilla oratoria

Charybdis
japonica

Charybdis japonica

Other
crustaceans

Alpheus distinguendus, Palaemon graviera, Alpheus japonicus,
Crangon crangon, Trachypenaeus curvirostris, Lysmata
amboinensis, Portunus trituberculatus

Shellfish Rapana venosa, Glossaulax didyma

Cephalopod Octopus variabilis, Octopusocellatus

Asierias
rollestoni

Asierias rollestoni

Apostichopus
japonicus

Apostichopus japonicus

Other
macrofauna

Nephtys ciliata, Nephtys longosetosa, Nephtys concharum,
Nephtys hombergii, Sabella spallanzanii, Polycirrus
medusiformis, Serpula vermicularis, Sinonovacula onstricta,
Spisula subtruncata

Meiofauna Copepods, Polychetes,Nematode

Zooplankton Copepods, Cladocera, Fish eggs

Phytoplankton Bacillariophyta, Pyrrophyta, Euglenophyta,
Cryptophyta, Chlorophyta, Cyanophyta, Chrysophyta

Water detritus Water detritus

Sediment
detritus

Sediment detritus
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where, Ri represents the respiration of functional group (i), and

Ui represents the proportion of undigested food absorbed by

functional group (i).

Ecosim is a time dynamic model based on Ecopath. It simulates

the response changes of the ecosystem in a time series by gradually

changing the parameters of the Ecopath model over time. This

method was originally proposed by Pauly (1980) (Equation 4). The

equation used by the Ecosim model is as follows:

dBi=dt   =  giSQji  −  SQij  +  Ii  −  (Fi  +  Moi  +  ei) Bi (4)

where, dBi/dt is the rate of change of biomass,  gi is the net

growth efficiency, Qji is the consumption rate of functional group j

to functional group i, Ii is the migration rate, Fi is the fishing

mortality rate, Moi is the non-predator natural mortality rate, Ei is

the immigration rate, and Bi is the biomass of functional group i.
2.5 Functional group division and
parameter sources

This study mainly differentiates functional groups based on

factors such as species, individual number, and diet. The similar

species and species diet, and habitat conditions are categorized into

the same functional group, while species with considerable

commercial value, proliferation potential, or ecological functions

are classified into a separate functional group (Colléter et al., 2015).

We developed 20 functional groups in the Haizhidu marine ranching

region, which generally covers the complete process of the structure

and energy flow of all biological communities in the Haizhidu marine

ranching. The specific classification is presented in Table 1.

In the Ecopath model, the input data include biomass, productivity

to biomass ratio (P/B), consumption rate to biomass ratio (Q/B) and

ecological efficiency (EE). Three of these four parameters must be

entered. Since the EE value data of biological functional groups are

usually difficult to get, in general, the input parameters are the other three

except the EE value. In order to ensure that the Ecopath model reaches a

balanced state, the criterion that the EE values of all functional groups

must be less than or equal to 1 must be met (Christensen et al., 2005). In

addition, the Diet composition (DC) is also one of the characteristics

required to create the Ecopath model. In this study, the parameters

required to be input for the EwEmodel of the marine ranch area include

biomass, P/B, Q/B and DC. During the experiment, these required

parameters were measured and gathered as follows:

In this study, the biomass of the Haizhidu marine ranching

environment is described in wet weight (t/km2) to characterize the

flow of energy. The biomass of all functional groups, save sediment

detritus, was assessed and quantified by field experiments. The

biomass of sediment detritus was determined using the conversion

formula published by Pauly and Christensen (1993) and then

deducted from the amount of water detritus.

The P/B and Q/B values of some fish-related functional groups

were calculated using the formulas proposed by Pauly (1980) and

Palomares and Pauly (1998), while the P/B and Q/B values of other

functional groups were estimated with reference to nearby sea areas
Frontiers in Marine Science
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or ecosystems with similar characteristics at the same latitude, and

adjusted in combination with the actual situation of Haizhidu

marine ranching (Tumbiolo and Downing, 1994; Xu et al., 2019;

Zhang et al., 2020; Li et al., 2023).

The DC was constructed using the results of carbon and

nitrogen stable isotope analysis, and with reference to relevant

literature and the website www.fishbase.de, as well as food web

models at the same latitude or with similar characteristics. The exact

input characteristics of the Haizhidu marine ranching area are

provided in Supplementary Table S1 & S2, Supplementary Table S3

for parameter sources.
2.6 Ecological carrying capacity
assessment and dynamic simulation

In this study, to reflect the balance and stability of the ecosystem

in the Ecopath model, we assessed the ECC of all functional groups

excluding phytoplankton, water detritus, and sediment detritus. The

specific strategy is to gradually increase the biomass of a functional

group until the EE of any functional group reaches 1, at which time

the functional group is judged to have attained the ECC.

Using the Ecosim dynamic simulation tool, we built and

simulated three different situations. The first scenario is to

maintain the existing population size; the second scenario is to

make the population size reach the ECC; the third scenario is to

make the population size surpass the ECC by 20%. Under the

circumstances of varied biomass levels, we ran a 30-year simulation

experiment on grazing expansion of target species. During the

simulation, the grazing intensity rose linearly from the second

year until it reached the predetermined level in the sixth year,

and then remained stable for the following 24 years. Finally, we

extracted the time series data of relative biomass changes under

each simulation scenario for later study (Li et al., 2023).
2.7 Uncertainty analysis of Ecopath model

In order to assess whether the parameters after equilibrium

correction comply to the basic rules of ecosystem ecology, this study

used the PREBAL module to perform a pre-equilibrium test on P/B and

Q/B between taxa and trophic levels (Peterson and Fry, 1987). The

conditions that need to be met for the test include: (1) the biomass of the

functional group should span 5 to 7 orders of magnitude; (2) the slope of

the biomass of the functional group on the logarithmic scale should show

a 5% to 10% downward trend in all taxa with increasing trophic level; (3)

the P/B and Q/B of each functional group should decrease with

increasing trophic level. In addition, for biomass, P/B, Q/B and DC

values, the Pedigree index can be used to evaluate the overall quality of

the ecosystemmodel. This index thoroughly evaluates the uncertainty of

the data source and combines the uncertainty components of each

functional group. We conducted 500 Monte Carlo simulations to assess

the sensitivity of Ecosim results to the Ecopath input parameters

(biomass, P/B, and Q/B), with each parameter varying by 10%.
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2.8 Ecological network analysis

In this study, we used a collection of ecological indicators to

completely describe the structure and function of the ecosystem

using the ecological network analysis (ENA) module of the EwE

software (Loneragan et al., 2013). For details, please refer to the

work of Sreekanth et al. (2021). We quantified the overall

characteristics of the ecosystem by evaluating key indicators such

as total system throughput (TST), total primary productivity (TPP),

total biomass (TB) and total respiration (TR), which are important

for assessing the overall activity and size of the ecosystem (Xu et al.,

2019; Ortiz et al., 2015). In addition, the TPP/TR and TPP/TB ratios
Frontiers in Marine Science 07
were determined to measure the stability and maturity of the

ecosystem (Odum, 1969).

To analyze the complexity of the food web, we employed metrics

such as the Finn’s cycling index (FCI), connectivity index (CI), system

omnivory index (SOI) and Finn’s mean path length (FMPL) (Finn,

1976; Libralato, 2013). At the same time, the ascendancy (A) and

overhead (O) indicators were utilized to evaluate the development

maturity and resilience of the ecosystem to disturbance (Ulanowicz,

2004). entropy (H) and average mutual information (AMI) metrics

were employed to assess the intensity of energy interaction within the

system and the deterministic connection between distinct biological

groupings, respectively (Ulanowicz, 2004).
FIGURE 3

d13C and d15N of biotic and abiotic components in the study area.
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This study also calculated the trophic transfer efficiency (TTE),

which is the ratio of the output to the throughput of adjacent trophic

levels. For systems including more than two trophic levels, the average

TTE value was employed. The shannon diversity index (SDI) was

employed as an index to measure biodiversity. The changes in the

ecological network index were intuitively displayed through radar plots

to depict the dynamic changes of the environment. In addition, the

Lindemann energy flow diagram was utilized to demonstrate the

changes in energy transfer before and after the shellfish value-added,

so as to better study the energy transfer efficiency within the ecosystem.
2.9 Biocarbon sequestration potential of
the Haizhidu marine ranching

In this study, we used the biomass assessment method to

calculate the current biomass carbon sequestration in the marine

ranch ecosystem based on the relationship between carbon content,

production and carbon sink, combined with previously measured

carbon content data and field biomass survey data (Liu et al., 2024).

In addition, together with the ECC predicted by the Ecopath model,

we further assessed the biomass carbon sequestration potential of

the marine ranching.
3 Results

3.1 Isotopic composition and food
contribution ratio

As shown in Figure 3, the d13C values of samples in the study area

ranged from (-24.41 ± 0.32)‰ to (-15.58 ± 0.30)‰, with a total span

of 8.83‰ and an average of (-18.89 ± 0.20)‰. Phytoplankton had the

lowest d13C value, followed by POM and zooplankton, at (-24.31 ±

0.26)‰ and (-24.02 ± 0.28)‰, respectively. The highest d13C values

were found in macrofauna. Additionally, Apostichopus japonicus,

Setipinna tenuifilis, and Charybdis japonica showed relatively high

d13C values of (-16.14 ± 0.18)‰, (-16.71 ± 0.28)‰, and (-16.76 ±

0.21)‰, respectively. The d15N values in the study area ranged from

(2.40 ± 0.48)‰ to (13.39 ± 0.31)‰, with a total span of 10.99‰ and

an average of (10.97 ± 0.31)‰. Sediments had the lowest d15N value,

while POM had the second-lowest at (2.67 ± 0.83)‰. The highest

d15N values were found in Chaeturichthys stigmatias, followed by

Amoya pflaumi and Triaenopogon barbatus, with values of (13.04 ±

0.44)‰ and (13.00 ± 0.3)‰, respectively.

As shown in Table 2, results of theMixSIARmodel analysis of the

dietary sources of 36 biological species indicate that zooplankton are

the mostly consumed feed. Crustaceans are the biggest consumers of

zooplankton, with a maximum contribution rate of 40.2%.

Zooplankton mainly feed on phytoplankton and POM, which

account for 42.8% and 35.01% of their diet, respectively.
3.2 Ecological model quality analysis

In this study, we used the PREBAL pre-test to check the

consistency of biomass, P/B, Q/B, and P/Q of the food web model
Frontiers in Marine Science 08
in the study area. The results are shown in Supplementary Figure 1.

The PREBAL results are consistent with the overall trend shown by

the model. Specifically, the biomass of cephalopods may be

overestimated, while the biomass of Charybdis japonica, shellfish

and Apostichopus japonicusmay be underestimated. In addition, the

mortality rate of zooplankton and the consumption rate of other

other macrofauna may also be overestimated. After PREBAL pre-

test, our model data showed high consistency and are therefore

relatively credible.

The confidence index of the Ecopath model for the study area

was recorded at 0.69. According to the guidelines proposed by

Morissette et al. (2006), the typical range for the general confidence

index is between 0.16 and 0.68. Monte Carlo simulations show that

the optimal input parameters for B, P/B, and Q/B are consistent

with the actual inputs and remain unchanged. The confidence level

of the Haizhidu marine ranching Ecopath model, as developed in

this study, exceeds the upper limit of this range. Consequently, the

model’s credibility is considered high.
3.3 Ecological carrying capacity
assessment

In this investigation, the parameters output by the Ecopath

model are provided in Table 3. In the Haizhidu marine ranching

ecosystem, the biomass of the sediment detritus functional group is

the biggest, reaching 37.75 t/km2; followed by phytoplankton,

which is 21.40 t/km2; and the lowest biomass is the other pelagic

fishes, which is just 0.26 t/km2. In addition, in this ecosystem, the

EE value of other crustaceans is the highest, 0.97, while the EE value

of the Johnius belangerii is the lowest, just 0.11.

We examined the ECC of other functional categories excluding

phytoplankton, water detritus, and sediment detritus. The

evaluation findings are provided in Table 3.
3.4 Analysis on the overall characteristics
of marine ranching ecosystem

Table 4 displays the trophic levels (TL) of each functional

category in the Haizhidu marine ranching ecosystem. Among

them, the trophic level of Platycephalus indicus is the greatest

(3.70), followed by Sebastes schlegelii (3.43) and cephalopods

(3.43). The energy transfer of this ecosystem is mostly

concentrated on TL I and TL II, among which the energy

throughput of detritus is the largest in TL I, while the energy

throughput of zooplankton is the highest in TL II.

The findings of ecological network analysis are given in

Figure 4. The radar graphic demonstrates that as the shellfish

biomass increases, the system parameters adapt to varied degrees.

Among the measures characterizing the system scale, except TPP,

TST, TB, and TR all indicate an increased trend, among which TB

and TR increase most dramatically, which are 1.51 and 1.54 times of

the current condition, respectively. While among the measures

reflecting system maturity and stability, TPP/TR, TPP/TB, H,
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TABLE 2 Food contribution rates of each species in the Haizhidu marine ranching.

Average contribution rate ± standard deviation (%)

Crab Demersal fishes Pelagic fishes

4.8 ± 6.1 3.2 ± 3.2

31.3 ± 14.2

36.1 ± 8.1

3.8 ± 3.1

4.5 ± 2.0

6.9 ± 5.6 3.6 ± 6.4

20.0 ± 17.0 24.3 ± 12.9

3.9 ± 4.1

4.8 ± 6.7 2.4 ± 3.9

11.3 ± 16.3 4.4 ± 7.6

8.8 ± 9.9 7.1 ± 10.2

5.4 ± 7.2 4.1 ± 5.9

1.3 ± 2.0 0.9 ± 1.3

2.5 ± 1.6 1.5 ± 1.1

1.7 ± 1.1 0.8 ± 1.0

25.9 ± 20.0 9.6 ± 11.5 7.9 ± 3.9

(Continued)
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POM SOM Phytoplankton Zooplankton Benthos Shellfish Shrimp

Zooplankton 35.01 ± 9.5 22.2 ± 3.1 42.8 ± 8.5

Meiofauna 29.1 ± 13.1 37.6 ± 9.6 33.3 ± 11.5

Macrofauna 16 ± 18 68 ± 20.3 16 ± 9.7

Echinodermata 16.7 ± 18.5 33 ± 10.7 25 ± 13.6 9 ± 10.1 6 ± 5.2 10.3 ± 7.8

Rapana venosa 24.4 ± 13.1 7.8 ± 6.5 4.7 ± 4.2 13.8 ± 16.4 49.4 ± 31.8

Neverita didyma 8.7 ± 7.6 17.7 ± 12.9 18.2 ± 13.8 7.7 ± 9.6 47.7 ± 28.5

Oratosquilla oratoria 4.7 ± 5.5 47.7 ± 29.6 35.4 ± 28.4 4.4 ± 3.3

Charybdis japonica 26.6 ± 25.7 17.2 ± 11.9 15.1 ± 9.0 9.7 ± 6.7

Palaemon gravieri 12.3 ± 16.1 52.7 ± 17.7 21.1 ± 18.1 14.3 ± 12.5

Trachypenaeus
curvirostris

14.2 ± 13.9 74.5 ± 25.6 7.8 ± 10.1 3.5 ± 5.5

Lysmata amboinensis 4.2 ± 4.9 19.5 ± 21.7 10.9 ± 13.5 29.3 ± 14.1

Crangon crangon 8.2 ± 9.9 62.5 ± 31.0 17.7 ± 11.1 4.5 ± 4.8

Alpheus distinguendus 20.2 ± 13.9 57.9 ± 28.7 12.9 ± 10.1 4.5 ± 4.7

Alpheus japonicus 40.2 ± 20.9 22.2 ± 15.6 10.8 ± 10.1 16.3 ± 5.8

Cephalopoda 12 ± 9.6 43.7 ± 25.6

Enedrias fangi 2.3 ± 3.4 9.8 ± 8.1 10.1 ± 11.2 73.9 ± 8.8

Sillago sihama 1.9 ± 7.4 79.4 ± 10.8 2.4 ± 6.7 16.3 ± 3.8

Acanthogobius
ommaturus

6.5 ± 7.0 15.9 ± 11.5 7.2 ± 2.1 66.1 ± 4.9

Chaeturichthys stigmatias 7.6 ± 11.1 65.4 ± 22.2 4.4 ± 3.6 6.9 ± 4.6

Amoya pflaumi 5.4 ± 5.9 22.5 ± 19.5 13.0 ± 5.8 43.2 ± 7.7

Triaenopogon barbatus 8.5 ± 7.8 19.4 ± 20.1 16.2 ± 7.9 46.4 ± 10.7

Cynoglossus joyneri 1.5 ± 2.6 91.9 ± 4.4 1.1 ± 1.0 1.3 ± 1.1

Cynoglossus semilaevis 1.0 ± 1.4 89.1 ± 7.8 0.9 ± 1.1 2.6 ± 2.6

Thamnaconus modestus 3.5 ± 2.3 82.8 ± 13.9 9.7 ± 8.6 1.5 ± 1.5

Hexagrammos otakii 18 ± 9.6 12.4 ± 3.7 26.3 ± 15.8
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SOI, and overhead/capacity (O/C) declined, and FMPL, FCI,

ascendancy/capacity (A/C), and AMI increased. CI has not

changed. In addition, the TTE of energy transfer and the SDI of

system biodiversity showed a decreasing tendency, and the exact

values are provided in Supplementary Table S4.

Figure 5 illustrates the Lindemann energy diagram. The total

energy transfer efficiency of the system falls with the increase of

shellfish biomass, but the transfer efficiency of primary producers

and detritus to TL II grows, among which the increase of primary

producers is bigger than that of detritus. There is a modest

reduction from TL II to TL III and from TL III to TL IV.
3.5 Potential impacts of shellfish
enhancement on other functional groups

The findings of the Ecosim dynamic simulation are given in

Figure 6. Under the three scenarios, the growth of shellfish biomass

had diverse consequences on other functional categories. As

shellfish biomass rose, we discovered that the abundance of

Sebastes schlegelii, Hexagrammos otakii, Platycephalus indicus,

Apostichopus japonicus, Asierias rollestoni, and Zooplankton were

all below the status quo by the end of the simulation. Among these

species, Hexagrammos otakii and Platycephalus indicus were the

most significantly impacted. As the shellfish biomass rose, the

quantity of Oratosquilla oratoria, Charybdis japonica, other

crustaceans, cephalopods, Other macrofauna, meiofauna,

phytoplankton, water detritus, and sediment detritus increased

toward the end of the simulation. Both are lower than

maintaining the status quo. Among them, other demersal fishes

and Gobiid fish were the most positively affected. However, we

discovered that the number of Johnius belangerii and other

demersal fishes decreased drastically under all scenarios, with

their biomass reducing to zero by the end of the experiment.

Positive or negative effects were more evident when shellfish

biomass exceeded ECC and grew to 120% of ECC.
3.6 Assessment of the carbon
sequestration potential of marine ranching

The Haizhidu marine ranching primarily comprised the

shellfish Rapana venosa and Neverita didyma, contributing

70.65% and 29.35% of the total shellfish biomass, respectively.

The carbon content of Rapana venosa and Neverita didyma was

(28.91 ± 2.55) % and (27.07 ± 3.06) %, respectively. Table 5 present

the carbon sequestration capacity and potential of the shellfish,

respectively. The current total carbon sequestration of shellfish is

1.52 t/km2, while the carbon sequestration after reaching the ECC is

13.96 t/km2, with a potential carbon sequestration of 12.44 t/km2.

The carbon fixation of various organisms in Haizhidu marine

ranching is presented in Table 6. The overall carbon fixation

excluding shellfish is presently 19.32 t/km2. The total carbon

fixing of shellfish is 20.84 t/km2. The total carbon fixation of

shellfish after achieving the ecological potential is 33.74 t/km2,

and the carbon fixation has increased by 61.90%.
T
A
B
LE

2
C
o
n
ti
n
u
e
d

Sp
e
ci
e
s

A
ve

ra
g
e
co

n
tr
ib
u
ti
o
n
ra
te

±
st
an

d
ar
d
d
e
vi
at
io
n
(%

)

P
O
M

SO
M

P
h
yt
o
p
la
n
kt
o
n

Z
o
o
p
la
n
kt
o
n

B
e
n
th
o
s

Sh
e
llfi

sh
Sh

ri
m
p

C
ra
b

D
e
m
e
rs
al

fi
sh

e
s

P
e
la
g
ic

fi
sh

e
s

Se
ba
st
es

sc
hl
eg
el
ii

15
±
8.
5

12
.5

±
12
.6

19
.5

±
16
.4

29
.9
±
18
.8

20
.1
±
19
.6

3
±
2.
1

O
th
er

pe
la
gi
c
fi
sh
es

23
.7

±
28
.5

1.
9
±
2.
0

35
.3

±
13
.4

23
.1
±
10
.6

7.
4
±
10
.1

8.
6
±
7.
2

Pl
at
yc
ep
ha
lu
s
in
di
cu
s

25
.5

±
18
.5

50
.9
±
30
.4

18
.8
±
13
.6

4.
8
±
2.
5

A
po
st
ic
ho
pu

s
ja
po
ni
cu
s

16
.7

±
13
.2

40
.3

±
30
.4

25
±
23
.2

10
.4

±
7.
4

6.
6
±
5.
4

P
O
M
,p

ar
ti
cu
la
te

or
ga
ni
c
m
at
te
r;
SO

M
,s
ed
im

en
t
or
ga
ni
c
m
at
te
r.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1583896
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yan et al. 10.3389/fmars.2025.1583896

Frontiers in Marine Science 11
4 Discussion

Our study comprehensively analyzed ecosystem size, maturity,

stability, and energy transfer dynamics to forecast potential effects

of increasing shellfish biomass within the marine ranching

ecosystem. Preliminary findings suggest the Haizhidu marine

ranching ecosystem is not yet fully mature. However, as shellfish

biomass approaches its ECC, the ecosystem is projected to exhibit
TABLE 4 Trophic levels and trophic transfer of each functional group in
the Haizhidu marine ranching.

No. Function group TL TLs (t/km2)

I II III IV

1 Gobiid fish 3.31 28.94 4.72

2 Sebastes schlegelii 3.43 7.11 2.29

3 Hexagrammos otakii 3.28 2.46 0.55

4 Other demersal fishes 3.37 8.90 2.96

5 Platycephalus indicus 3.70 2.82 2.61

6 Johnius belangerii 3.10 0.45 4.57 0.57

7 Other pelagic fishes 3.17 0.17 1.17 0.27

8 Oratosquilla oratoria 2.75 6.35 5.06 1.59

9 Charybdis japonica 2.48 111.2 78.47 3.53

10 Other crustaceans 2.66 7.75 7.46 0.43

11 Shellfish 2.47 101.2 41.95

12 Cephalopod 3.43 49.67 16.17

13 Asierias rollestoni 3.10 12.92 0.42

(Continued)
TABLE 3 Output parameters of the Ecopath model for the Haizhidu marine ranching.

No. Functional group B (t/km2) P/B (year) Q/B (year) EE ECC (t/km2)

1 Gobiid fish 3.69 2.53 9.31 0.21 4.53

2 Sebastes schlegelii 1.78 1.01 5.62 0.90 2.34

3 Hexagrammos otakii 0.58 1.10 5.30 0.85 0.71

4 Other demersal fishes 0.90 1.42 13.60 0.85 1.17

5 Platycephalus indicus 1.15 0.44 5.09 0.82 1.30

6 Johnius belangerii 0.65 3.50 8.70 0.11 12.25

7 Other pelagic fishes 0.26 0.86 6.30 0.94 1.13

8 Oratosquilla oratoria 2.90 1.66 4.56 0.88 5.21

9 Charybdis japonica 16.67 4.10 11.60 0.60 18.03

10 Other crustaceans 0.56 9.70 28.00 0.97 3.64

11 Shellfish 5.36 10.41 26.71 0.33 49.21

12 Cephalopod 6.09 4.50 11.00 0.39 6.65

13 Asierias rollestoni 2.26 1.30 5.90 0.79 10.77

14 Apostichopus japonicus 0.55 0.90 4.50 0.33 166.70

15 Other macrofauna 20.67 6.50 25.10 0.03 252.00

16 Meiofauna 6.88 9.00 33.00 0.28 189.60

17 Zooplankton 13.22 41.00 97.00 0.46 66.80

18 Phytoplankton 21.40 127.00 0.28

19 Water detritus 4.90 0.25

20 Sediment detritus 37.75 0.25
B, biomass; P/B, production/biomass; Q/B, consumption/biomass; EE, ecological efficiency; TL, trophic level; ECC, ecological carrying capacity.
TABLE 4 Continued

No. Function group TL TLs (t/km2)

I II III IV

14 Apostichopus japonicus 2.16 2.10 0.37

15 Other macrofauan 2.00 518.80

16 Meiofauna 2.00 227.00

17 Zooplankton 2.05 1282.00

18 Phytoplankton 1.00 2718.00

19 Water detritus 1.00 0.10

20 Sediment detritus 1.00 3287.00
frontier
TL, trophic level.
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enhanced maturity and stability. Additionally, the system’s carbon

sequestration potential is estimated to reach 12.90 t/km2.

Our results showed that when shellfish biomass reached ECC,

TST, TB, and TR all increased, and the overall size of the marine

ranch ecosystem expanded. According to Odum (1969) and

Christensen et al. (2005), TPP/TR and TPP/TB are both

important parameters for assessing the maturity of an ecosystem:

when an ecosystem gradually develops and matures, TPP/TR and

TPP/TB usually approach 1. In this study, the values of TPP/TR and

TPP/TB were always greater than 1. However, as the biomass of

shellfish increased to the ECC, both TPP/TB and TPP/TR

decreased, and their values were closer to 1. This shows that the

ecosystem has become more mature, which is consistent with the

results obtained by Liu et al. (2015) when estimating the ECC of

Ruditapes philippinarum in Jiaozhou Bay. This may be due to the

increased complexity of energy flows in the ecosystem, as evidenced

by the increase in TST, FCI, and FMPL values, i.e., the shift of food

chains from linear to web-like (Libralato, 2013). This is comparable
Frontiers in Marine Science 12
to the velocities of the 1–10 km2 ecosystem described by Heymans

et al. (2011). This trend underscores an optimized energy utilization

rate and elongated material cycle path. Further, ecosystem stability

and maturity are characterized by the A/C, AMI, and H. A higher

A/C ratio indicates a well-organized ecosystem less prone to

spontaneous collapse. Li et al. (2023) suggests the system is most

stable when the A/C ratio reaches 45.96%. In the study area, the

current A/C ratio is 28.61%. Simulations indicate that when the

biomass of shellfish increases to the ECC, the A/C ratio increases to

43.92%. The current ecosystem is not fully stable, as indicated by the

A/C ratio of 28.61%.With the shellfish biomass reaches ECC, the A/

C ratio improves to 43.92%, suggesting an enhanced capacity to

resist self-disturbance, yet the system remains unstable. According

to Odum (1969) and Finn (1976), a mature ecosystem exhibits a

high FCI and low H. In this study, as the shellfish biomass increases

to the ECC, the FCI increases by 73.85%, while H decreased by

13.68%, indicating a more mature and stable ecosystem. The

corresponding increase in AMI (from 1.15 bits to 1.52 bits)
FIGURE 4

Relative changes in ecological network indices predicted by the EwE model after reaching ecological carrying capacity.
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suggests that the ecosystem is subject to more constraints, with

energy flowing along more fixed pathways, consistent with Odum’s

(1969) assertion that a higher AMI indicates a more stable and

mature ecosystem.

Ecological network analysis has revealed a correlation between

increasing shellfish biomass and a decline in the SDI, a metric

indicative of ecosystem diversity. This trend implies a potential

adverse effect on biodiversity within the ecosystem. This finding is

corroborated by the research of Li et al. (2023), which also noted a

negative influence of heightened shellfish biomass on species

diversity. Furthermore, our observations indicate a slight decrease

in the TTE as shellfish attain their ECC. This outcome aligns with

the simulations conducted by Lin et al. (2018), who predicted a

similar decrease in energy conversion efficiency in the marine

environment near the Yellow River estuary when shellfish

biomass reaches its ECC.

The Lindeman trophic flow diagram illustrates a notable

increase in the efficiency of energy transfer from detritus and

primary producers to TL II, with a particularly significant

enhancement in the transfer efficiency observed for primary
Frontiers in Marine Science 13
producers. This improvement is primarily attributed to the

substantial contribution of shellfish to TL II biomass, often

exceeding 70% upon reaching their ECC. Given that shellfish

predominantly consume phytoplankton, their increased presence

leads to a heightened utilization rate of these primary producers.

Additionally, shellfish serve as effective energy repositories by

preying on macrofauna (Wang et al., 2022). This ecological role

of shellfish not only bolsters the energy transfer within the

ecosystem but also aids in the maintenance of biomass for large

invertebrates, which are often of considerable economic value.

Consequently, an increase in shellfish biomass can contribute to

the preservation and enhancement of economically significant

species, thereby generating economic benefits.

The dynamic simulation results from Ecosim indicate that the

biomass of shellfish in the marine ranching ecosystem can be

optimally expanded to a maximum of 49.21 t/km2. Surpassing

this threshold is likely to exert a more significant impact on other

species within the ecosystem. In this study, elevating the shellfish

biomass to its ECC enhances the carbon fixation capacity of

shellfish by 12.44 t/km2. This adjustment leads to a notable
FIGURE 5

Lindemann energy flow diagram of the current state and after reaching ecological carrying capacity in the Haizhidu marine ranching. (P, primary
production; D, detritus; TL, trophic level; TE, transfer efficiency; TST, total system throughput; A: current; B: ECC).
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increase in the total carbon sequestration of the ecosystem, from the

current 20.84 t/km2 to an anticipated 33.74 t/km2 upon shellfish

reaching their ECC. This increase reflects a carbon sequestration

potential of 12.9 t/km2 for the system, highlighting the pivotal role

of shellfish in the carbon cycle of the Haizhidu marine ranching
Frontiers in Marine Science 14
ecosystem. These findings are consistent with the research by Li

et al. (2023). Our study reveals that the primary contribution to the

system’s carbon sequestration at shellfish’s ECC comes from the

shellfish themselves, with other functional groups experiencing only

a marginal increase of about 2.5% in their total carbon
FIGURE 6

Relative changes in biomass of each functional group in the simulated Haizhidu marine ranching ecosystem over 30 years under three scenarios of
shellfish increase (status, ECC, 120% ECC). Shellfish biomass remains unchanged after the dashed line. ECC, ecological carrying capacity.
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sequestration. This minimal increase suggests that the rise in

shellfish biomass could directly or indirectly influence other

ecosystem components. Shellfish primarily feed on sediment

detritus, making its availability a critical limiting factor, as noted

by Sun et al. (2022). During the simulation, the biomass of sediment

detritus remained above 85% of its initial value and began to rise in

the third year after the shellfish biomass increased. This resilience

could be attributed to the low vulnerability of shellfish and their

lower EE values, which may limit the increased predation pressure

on sediment detritus. This represents potential space for the

shellfish to grow without depleting food resources. However, the

increase in shellfish biomass was found to inversely affect the

biomass of zooplankton, potentially due to heightened

competition for food resources (Pang et al., 2023). This

competition could reduce the availability of food for zooplankton

and impact other functional groups that rely on it. Notably,

Hexagrammos otakii and Platycephalus indicus experienced a

dramatic reduction in biomass, nearing 99.99% by the end of the

simulation. Two main factors could explain this phenomenon. First,

the decline in Hexagrammos otakii and Platycephalus indicus

biomass might be associated with the reproductive success of

shellfish, which share over 50% dietary overlap with these species,

relying heavily on zooplankton. Second, the proliferation of

shellfish might encroach upon the habitat and survival space of

other species, altering spatial dynamics within the ecosystem and

potentially reducing available space for other organisms.

Conversely, an increase in shellfish biomass was observed to

significantly boost the biomass of Oratosquilla oratoria, Charybdis

japonica and cephalopods, indicating a complex interplay of

ecological interactions within the ecosystem.

Shellfish are renowned for their significant contributions to

ecosystem services within their growth environment. As one of the

most sustainable sources of animal protein, they capitalize on

naturally occurring phytoplankton, eliminating the need for

external bait inputs (Walker et al., 2023). This feeding behavior not

only sustains the shellfish population but also supports the broader

ecosystem. The propagation of shellfish often necessitates the

introduction of settlement structures, which can modify

environmental conditions and provide habitats for other organisms,

potentially augmenting species diversity (Wang et al., 2022).

However, an increase in shellfish biomass may exert negative

influences on ecological structure and species diversity (Zhang

et al., 2023). Our study identifies the primary shortfall as

insufficiency of primary producers in the aquatic environment.

First, the reduction of biodiversity may increase the risk of fishery
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collapse. The over-proliferation of shellfish may lead to a decrease in

the biomass of other economic fish and invertebrates. For example,

the biomass of Hexagrammos otakii and Platycephalus indicus

plummeted to nearly 99.99% by the end of the simulation, which

may weaken the stability of fishery resources and reduce the

sustainability of fisheries (Cardinale et al., 2012). Second, the

decline in biodiversity may reduce the ecosystem’s ability to adapt

to environmental changes and decrease the redundancy of carbon

sequestration functions. This means that in the face of environmental

disturbances or climate change, the entire ecosystem’s carbon

sequestration capacity may become more vulnerable and unable to

maintain the original level of carbon fixation (Weiskopf et al., 2024).

Therefore, to address these potential negative impacts,

appropriate reproduction of macroalgae as a food source may be

a good solution (Watanabe et al., 2020). This is similar to our

previous research conclusions in Bohai Bay (Li et al., 2023), and Xu

et al. (2019) also did related work. Macroalgae play a role in aquatic

ecosystems, such as providing food sources, providing habitats and

shelters, regulating seawater carbonate systems, and improving

water quality. They provide important ecological support for

shellfish and other functional groups, and promote the balance

and stability of the entire ecosystem (Li et al., 2023). In addition, it is

worth considering the introduction of other species with high

ecological and economic value for aquaculture in marine ranches.

This approach can enhance biodiversity, mitigate the risks

associated with the dominance of a single species, and improve

the overall stability and carbon sequestration capacity of the

ecosystem (Born et al., 2004). Finally, establishing a long-term

ecological monitoring system to regularly assess changes in

biodiversity, ecosystem structure, and functions within marine

ranches is essential. Based on the monitoring results,

management strategies should be adjusted in a timely manner to

ensure the health and sustainable development of the ecosystem.

Our study has certain limitations. Ecosim, a dynamic model

based on time series, simulates ecosystem changes over time by

adjusting parameters in the Ecopath model (Christensen et al.,

2005). However, our Ecosim simulation relied solely on a single -

survey dataset, lacking historical data for comparison and

validation. This might affect the accuracy of the model’s output

(Christensen and Walters, 2004). In the future studies, we should

integrate historical literature, long - term monitoring data, and

conduct multiple surveys across different seasons and years. This

approach will help capture the dynamic changes in ecosystems,

improve data representation and reliability, and reduce the

uncertainty in parameter estimation (Subramaniam et al., 2020).
TABLE 5 Carbon sequestration capacity of Rapana venosa and Neverita didyma.

Species Biomass (t/km2) Carbon sequestration (t/km2)

Current ECC Current ECC

Rapana venosa 3.79 34.77 1.10 10.05

Neverita didyma 1.57 14.44 0.42 3.91
ECC, ecological carrying capacity.
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TABLE 6 Carbon sequestration quantities of other species in the Haizhidu marine ranching.

Species Biomass (t/km2) Wet Weight Carbon
Content (%)

Carbon sequestration (t/km2)

Current ECC Current ECC

Amoya pflaumi 0.07 0.26 22.02 ± 2.49 0.015 0.06

Chaeturichthys stigmatias 1.81 6.77 23.58 ± 3.05 0.427 1.60

Acanthogobius ommaturus 1.30 4.87 23.09 ± 2.87 0.300 1.12

Triaenopogon barbatus 0.50 1.87 21.99 ± 1.95 0.110 0.41

Hexagrammos otakii 0.58 0.06 25.30 ± 2.91 0.147 0.02

Sebastes schlegelii 1.78 0.02 13.18 ± 1.88 0.235 0

Johnius belangerii 0.65 0 18.87 ± 3.07 0.123 0

Cynoglossus joyneri 0.17 0.89 10.21 ± 2.70 0.017 0.09

Platycephalus indicus 1.15 0.02 20.44 ± 2.59 0.235 0

Konosirus punctatus 0.14 0 15.32 ± 1.99 0.021 0

Thamnaconus modestus 0.11 0.58 12.41 ± 2.98 0.014 0.07

Sillago sihama 0.08 0 14.71 ± 3.60 0.012 0

Argyrosomus argentatus 0.04 0 15.99 ± 2.08 0.006 0

Cynoglossus semilaevis 0.52 2.73 10.06 ± 2.62 0.052 0.27

Octopus variabilis 3.76 6.70 12.95 ± 4.77 0.487 0.87

Octopusocellatus 2.33 4.15 12.32 ± 3.05 0.287 0.51

Alpheus distinguendus 0.02 0.02 20.98 ± 3.74 0.004 0

Palaemon gravieri 0.04 0.04 23.99 ± 2.09 0.010 0.01

Alpheus japonicus 0.04 0.04 21.29 ± 3.33 0.009 0.01

Crangon crangon 0.03 0.03 25.30 ± 4.04 0.008 0.01

Trachypenaeus curvirostris 0.02 0.02 20.89 ± 3.02 0.004 0

Lysmata amboinensis 0.01 0.01 20.31 ± 2.88 0.002 0

Oratosquilla oratoria 2.90 1.75 18.76 ± 2.90 0.544 0.33

Charybdis japonica 16.67 19.57 13.60 ± 2.95 2.267 2.66

Portunus trituberculatus 0.30 0.29 16.19 ± 2.76 0.049 0.05

Asierias rollestoni 2.26 0 16.23 ± 3.01 0.367 0

Apostichopus japonicus 0.55 0.02 16.74 ± 2.70 0.092 0

Macrofauna 20.67 16.97 2.78 ± 2.95 0.575 0.47

Meiofauna 6.88 4.97 35.79 ± 2.81 2.462 1.78

Zooplankton 13.22 6.57 27.01 ± 8.10 3.57 1.77

Phytoplankton 21.40 24.13 29.65 ± 13.39 6.35 7.15

Water detritus 4.90 3.86 2.59 ± 0.82 0.13 0.10

Sediment detritus 37.75 37.19 1.06 ± 0.06 0.40 0.39

Total 19.32 19.78
F
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5 Conclusion

Research shows that the Haizhidu marine ranching is currently

in an immature state, but the increase in shellfish biomass has

significantly improved the stability and maturity of the ecosystem.

Based on the ECC of shellfish, this study used the Ecosim model for

dynamic simulation and calculated that the total carbon

sequestration of the system increased by 61.9% after the

simulation, with a sequestration potential of 12.9 t/km2, mainly

from shellfish. However, the increase in shellfish biomass has had

an adverse effect on certain functional groups due to insufficient

primary productivity. We suggest that the introduction of

macroalgae can increase primary productivity, thereby alleviating

the adverse effects on other functional groups and promoting the

overall balance and stable development of the marine ranching

ecosystem. Therefore, the implementation of scientific and

reasonable ecological management strategies is the key to

enhancing system stability and carbon sequestration capacity

during the development of marine ranching.
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