
Frontiers in Aquaculture

OPEN ACCESS

EDITED BY

Kristian Karlo Saguin,
University of the Philippines Diliman,
Philippines

REVIEWED BY

Solomon Dan,
Beibu Gulf University, China
M. Belal Hossain,
Noakhali Science and Technology University,
Bangladesh

*CORRESPONDENCE

Yueyin Cai

22384975@qq.com

Shengkang Liang

liangsk@ouc.edu.cn

RECEIVED 14 December 2023

ACCEPTED 04 March 2024
PUBLISHED 19 March 2024

CITATION

Hao Y, Tan Z, Cai Y, Liang S, Zhang G,
Wang Q and Li Q (2024) Assessment of
carbon sink capacity and its value accounting
for a farmed shellfish in the coastal wetland
of the Yalu River Estuary.
Front. Aquac. 3:1355741.
doi: 10.3389/faquc.2024.1355741

COPYRIGHT

© 2024 Hao, Tan, Cai, Liang, Zhang, Wang and
Li. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 19 March 2024

DOI 10.3389/faquc.2024.1355741
Assessment of carbon sink
capacity and its value accounting
for a farmed shellfish in the
coastal wetland of the Yalu
River Estuary
Yanju Hao1, Zhenjiang Tan2, Yueyin Cai3,4*, Shengkang Liang2,5*,
Guangshuai Zhang3,4, Quangming Wang3,4 and Qing Li3

1Yantai Research Institute, China Agricultural University, Yantai, China, 2College of Chemistry and
Chemical Engineering, Ocean University of China, Qingdao, China, 3National Marine Environmental
Monitoring Center, Ministry of Ecology and Environment of the People’s Republic of China,
Dalian, China, 4State Environmental Protection Key Laboratory of Marine Ecosystem Restoration,
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The carbon sink of cultivation shellfish in coastal wetlands is characterized as

both highly ecological and economic value, thus making great contributions to

achieving carbon neutrality. In this study, the main species of cultured shellfish

(Ruditapes philippinarum, Meretrix meretrix, Sinonovacula constricta, Scapharca

suberenata, and Grassostrea gigas) were selected as the research objects in the

coastal wetland of the Yalu River Estuary to measure shellfish yields and carbon

contents. Combined with the data from the cultured shellfish of fishery statistics

of Donggang city, Dandong, Liaoning Province, China, the carbon sequestration

capacity was calculated, and the carbon sink values of cultured shellfish also

evaluated on the base of the diverse shellfish carbon sequestration ratios. The

carbon sink conversion ratio of cultivation shellfish decreased in the following

order: S. suberenata, R. philippinarum, G. gigas, S. constricta, and M. meretrix.

The total carbon sequestration of cultured shellfish in the Yalu River Estuary

Coastal Wetland from 2015 to 2019 was approximately 110,500 tC. The yield and

the carbon sequestration quantity of R. philippinarum accounted for

76.60~83.30% of the total yield and 79.07~85.41% of the total carbon

sequestration quantity. The value of the carbon sink was approximately

63,710,600 yuan. Among the species of cultured shellfish, R. philippinarum was

the largest contributor to the carbon sink value. Based on Tapio’s decoupling

model, R. philippinarum has the most ideal state of decoupling between carbon

sink and economic growth of cultured shellfish, followed by M. meretrix and S.

suberenata. Our results illustrate that the development of coastal wetland

shellfish aquaculture has a positive contribution to reducing carbon emissions

and increasing carbon sinks.
KEYWORDS

coastal wetlands, the carbon sink of farmed shellfish, carbon sink conversion ratio,
carbon sink value, coastal wetland of Yalu River Estuary
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1 Introduction

Global climate change is regarded as one of the most serious

challenges facing the sustainable development of mankind (Yu

et al., 2021). Since the beginning of the industrial era, long-lived

greenhouse gases, such as carbon dioxide (CO2), methane, nitrous

oxide, etc, have caused an obvious increase in global warming

(Wang et al., 2017). Atmospheric CO2 concentrations have risen by

around 40% during the last 150 years. The massive emission of CO2

from human activities is the most significant driver of observed

climate change since the mid-20th century (IPCC et al., 2013).

Reducing and controlling carbon dioxide emissions has become one

of the biggest issues for countries to curb the growth of

carbon emissions.

The mariculture industry has a large carbon sink potential, and

thus it is considered as a green and low-carbon production mode to

support the goal of carbon neutrality (Liu and Tang, 2011; Li et al.,

2023). Shellfish is a key component in marine ranching, which

represents an important marine biological C sink due to high

biodeposition and calcification rates (Feng et al., 2022; Wang

et al., 2022). Shellfish mainly react with HCO3
- in seawater to

form CaCO3, thus forming carbon sinks. The soft tissue, however,

filters and lives on microalgae and organic particles in seawater to

promote growth. Ultimately, harvesting shellfish enables carbon

sequestration by directly removing large amounts of carbon from

seawater (Zhang et al., 2005). The amount of CO2 released by

shellfish through respiration and calcification during their growth is

far less than the amount of CO2 stored in seawater as metabolites

and is removed from seawater as ecological products (Fodrie et al.,

2017; Feng et al., 2022; Jiang et al., 2022). Although CO2 release is a

by-product of carbonate shell production, shellfish is

overwhelmingly regarded to have a carbon sink function in the

ecosystem that can remove carbon from seawater and store it for a

long time (Qi et al., 2012; Yue and Wang, 2012; Li, 2014; Yu et al.,

2020). Culturing shellfish in the tidal flat wetland is one of the most

efficient methods of biological carbon sequestration (Tang et al.,

2011, Tang et al., 2022). Several studies have been conducted to

estimate the growth and carbon content of shellfish cultivation

(Quan et al., 2014; Fodrie et al., 2017). The previous research had

demonstrated that moderately increasing shellfish can improve the

carbon sequestration capacity as well as carbon sink service

functions (Li et al., 2023). Carbon sequestration in shellfish

cultivation depends on site characteristics and plantation

management, especially in intertidal wetland and estuarine

wetland ecosystems. It is still difficult to accurately quantify the

amount of shellfish cultivation carbon sequestration, due to the lack

of site-specific data and specie-specific data (Feng et al., 2022).

The ecological and economic values of shellfish include product

value, carbon storage value, oxygen release value and purification

value (Fodrie et al., 2017; Liu et al., 2019; Hao et al., 2020). Among

them, carbon sink provides material products and environmental

conditioning services, and provides the provision service value and

regulating service value (Tang et al., 2018). The calculation of

economic values of shellfish carbon sinks can provide a data

reference for shellfish cultivation industry subsidies and improve

the production enthusiasm of the carbon sink culture industry
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(Jiang et al., 2022; Wen et al., 2022). Recently, the ecological values

of blue carbon have been evaluated by the market valuation method,

alternative cost method, and contingent value method (Qin et al.,

2015; Zheng et al., 2019; Trégarot et al., 2020; Hu et al., 2024).

Despite vast literature on shellfish product value and related

functions (Kirwan and Mudd, 2012; Duarte et al., 2016; Kara

et al., 2018), few studies have examined the values of cultured

shellfish carbon sink.

Carbon emissions is closely related to economic growth and

structural adjustment in a region or country. How to achieve

dynamic and coordinated development of regional economic

growth and CO2 emissions, which is vital for China to achieve

green and sustainable development. It is necessary to clarify the

relation of the carbon emission with the economic growth.

Decoupling theory was first used to analyze the dynamic process

between the two closely related variables from the beginning to the

end of decoupling (Tapio, 2005). Recently, decoupling theory has

been applied to analyze the idealized relationship between CO2 and

economic growth during decoupling (Zhong et al., 2012; Cao et al.,

2015; Shao et al., 2019a). Shellfish farming in coastal waters is a very

important industry in China. If the rate of the aquaculture’s carbon

sink is negative or lower than the rate of economic growth, this

process should be regarded as a form of decoupling (Shao et al.,

2019a; Cao and Wang, 2020; Zhao et al., 2022). Previous research

has proved that culture efficiency effect has a strong driving effect on

the total economic value of carbon sinks in cultivated seaweeds and

the total economic value of cultivated seaweeds can be improved by

adjusting the cultivation species (Yu et al., 2023). However, the

decoupling model to evaluate the relationship of CO2 emission with

economic growth is relatively simple, especially for the selection of

indicators and determination of native parameters. Efforts should

be made to enhance the function and value of cultivated shellfish

carbon sink, thus it is necessary to promote the high-quality

development of the fishery industry.

In this study, five species of cultured shellfish (Ruditapes

philippinarum, Meretrix meretrix, Sinonovacula constricta,

Scapharca suberenata, and Grassostrea gigas) were selected to

measure carbon sequestration parameters and the Yalu River

Estuary was chosen as a representative of coastal wetland of

China. The fishery statistics data was collected in the last five

years and a decoupling elasticity theory (Tang et al., 2011; Qi

et al., 2012; Li, 2014; Shao et al., 2018) was applied. The objectives of

this study are: (1) to calculate the carbon sink capacity of cultured

shellfish; (2) to study the relationship between the change rates of

aquaculture carbon sink value and the value of the

economic increase.
2 Research methods

2.1 Research region

The Yalu River Estuary Coastal Wetland National Nature

Reserve (Figure 1) is in Donggang city (E123°34′20″~E124°07′
28″, N39°40′06″~N39°58′24″), Liaoning Province, covering an

area of 10,100 hectares. It contains land, beach and ocean
frontiersin.org
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ecosystems and forms complex and multiple ecosystem types,

including reed wetlands, marshes, lake basin bogs, tidal marshes,

and estuaries. There are 7 large rivers in the reserve. Among them,

the substrates of the Yalu River and the Dayang River in the

intertidal zone are suitable for annelid and mollusk growth. The

quantity of nutrients and organic matter carried by these two rivers

offers sufficient food to benthic organisms. The reserve is one of the

significant shellfish production areas in Liaoning Province (Li et al.,

2014). The main shellfish culture method used in this area is beach

cultivation, and there is a small amount of mixed aquaculture of

shellfish, shrimp, and jellyfish above the coastline.
2.2 Data sources and processing

The Yalu River Estuary Coastal Wetland National Nature

Reserve has the characteristics of zonal distribution along the

coastline in Donggang city, Liaoning Province, from east to west.

This wetland intertidal zone is a breeding base of the harbor and

serves as a beach in Donggang city. As a result, we obtained data

from Donggang city’s shellfish culture statistics to represent the

breeding conditions of the Yalu River Estuary Coastal Wetland.

The data on the varieties, culture area and yield of cultured

shellfish from 2015 to 2019 were from the Liaoning Province Fishery

Statistics Annual Report (Liaoning Ocean and Fisheries Bureau,

2015-2019). The Rst (dry weight ratio of soft tissue) and Rs (dry

weight ratio of shell) of Grassostrea gigas, Scapharca suberenata,

Sinonovacula constricta and Ruditapes philippinarum were measured

in the coastal wetland of the Yalu River Estuary in 2018. The sample

collection method was based on national guidelines (Standardization

Administration of the People’s Republic of China, 2007). Shellfish

were collected from 4-8 plots (25×25×20 cm) at each station, and the

shellfish were screened by using a sieve with a pore size of 0.37 mm
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and a diameter of approximately 40 cm. The selected shellfish were

put into sealed bags and placed in cold storage. The relevant

parameters were determined according to the Chinese industrial

standard (Ministry of Natural Resources, People’s Republic of

China, 2021). Thirty samples were randomly selected, and the shell

length, shell height and shell width of each species were measured by

a Vernier caliper. The shellfish samples were weighed by an electronic

balance (wet weight). Furthermore, the wet weight of the shell and

soft tissue was weighed. Shell and soft tissue were washed with

distilled water. Then, their surfaces were dried, and their wet

weights were determined. The dry weight, dry-wet ratio and mass

ratio were recorded after drying at 60°C for 48 h. The dried samples

were then ground into powder and sieved to 80 mesh (178 mm), and

the rate of carbon content was determined by an elemental analyzer.

Additionally, the instrument parameters were set according to the

manufacturer’s instructions, and the samples were embedded based

on the sample requirements. Moreover, three parallel samples were

fixed for each sample, and average values were calculated. Note that

the parameters for Meretrix meretrix were taken from the references

(Tang et al., 2011; Ge et al., 2022). A flow chart of the method in this

paper is presented in Figure 2.

2.2.1 Calculation of cultured shellfish
carbon sequestration

The carbon sequestration amount of cultured shellfish is

calculated by their yield and carbon content (Tang et al., 2011; Qi

et al., 2012; Li, 2014; Shao et al., 2018). The formula is as follows:

Sa =o
n

i=1
Pi � (Rst�WCst + Rs�WCs)

where Sa is the shellfish carbon sequestration, Pi is the ith kind

of shellfish yield, Rst is the dry weight of soft tissue, WCst is the

percentage of carbon content of soft tissue, Rs is the dry weight of
FIGURE 1

The map shows the location of the Yalu River Estuary Coastal Wetland National Nature Reserve. The red line draws a range of the reserve, and the
blue area shows the sea area of Donggang city, Dandong, a county-level city in Liaoning Province, located in southeastern Liaoning Province and
southwestern Dandong city.
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the shell, and WCs is the percentage of carbon content of the shell.

The different cultured shellfish parameters are shown in Table 1.

2.2.2 Calculation of cultured shellfish carbon
sink value

The formula for the carbon sink value of cultured shellfish

(Tang et al., 2011; Qi et al., 2012; Li, 2014; Shao et al., 2018) is as

follows:

V = V a � Sa � K

where V is the cultured shellfish carbon sink value, Va is the cost

of the equivalent value of CO2 emission reduction, Sa is the carbon

sequestration of shellfish, and K is the conversion coefficient.

Research has shown that a CO2 emission reduction is equivalent

to the cost of the equivalent value of 157 yuan per ton in Liaoning

Province (Cao et al., 2019; Yu et al., 2020). Therefore, in this study,

we selected 157 yuan/t as the equivalent value cost of cultured

shellfish CO2 emission reduction in the Yalu River Estuary

Coastal Wetland.

The carbon sequestration value of different types of shellfish was

calculated based on the diverse shellfish carbon sequestration ratios

in Table 1. The conversion coefficient is the ratio of the CO2 and C

molecular weight, and the ratio is 3.67(44/12) (Ge et al., 2022).
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2.2.3 Tapio decoupling model
A decoupling elasticity theory (Tang et al., 2011; Qi et al., 2012;

Li, 2014; Shao et al., 2018) was selected to study the relationship

between the change rates of aquaculture carbon sink value and the

value of the economic increase. The following formula was used:

e =
(St+1 − St)=St
(Gt+1 − Gt)=Gt

=
DS=S
DG=G

where e is the decoupling elasticity. St and Gt are for the tth

period of cultured shellfish carbon sink quantities and the economic

output of aquaculture, respectively. DS=S is the annual growth rate

of cultured shellfish carbon sink quantities. DG=G is the annual

growth rate of the economic output of aquaculture.

The decoupling states should be divided into 3 parts (negative

decoupling, decoupling, coupling) by the decoupling elastic values

of 0.8 and 1.2. Then, these states can be subdivided into 8 specific

states in light of the numerical value (Table 2) (Cao and Wang,

2020; Liu et al., 2022).

2.2.4 Model uncertainty analysis
The uncertainty should be noticed when using the Tapio

decoupling model. For example, the diversity of data sources and

statistics, the patio-temporal representation of sampled quadrats, and

the accuracy of data measurement, these uncertainties could interfere

with the decoupling model. If the uncertainties are used during the

data analyses, the accuracy of the analyses will probably become

better. However there are difficulties in analyzing the uncertainties in

temporal trends. And there are no good estimates for temporal

comparisons of every shellfish species. The results may be relatively

high. Another pitfall emerges from the incomparable methods used

in obtaining the data, which makes it difficult to compare the size of

different shellfish. However, as long as the different methods do not

affect a bias in the temporal growth rate, this problem is less severe in

defining whether decoupling occurs or not.
3 Results and discussion

3.1 Carbon sequestration quantities of
cultured shellfish

Research shows that from 1999 to 2008, through the harvest of

farmed shellfish, the amount of carbon removed from China’s

offshore every year is 700,000 to 990,000 t (an average of

860,000 t), of which 670,000 t of carbon was removed from the
TABLE 1 Parameters of cultured shellfish carbon sequestration.

Type Rst Rs WCST (%) WCS (%)

Grassostrea gigas 0.058 0.822 44.9 11.52

Scapharca suberenata 0.081 0.764 45.86 11.29

Sinonovacula constricta 0.023 0.648 44.99 13.24

Ruditapes philippinarum 0.070 0.769 42.84 11.40

Meretrix meretrix 0.077 0.447 42.80 11.40
FIGURE 2

The flow chart of methods in the study.
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ocean in the form of shells (Zhang et al., 2005; Tang, 2011). From

2015 to 2017, the average annual carbon removal of maricultured

algae and shellfish in Liaoning Province was about 27,700 tons,

equivalent to the reduction of 1108,200 million tons of CO2 (Cao

et al., 2019).

From 2015 to 2019, the total carbon sequestration quantity of

cultured shellfish was approximately 110,500 tC along the coastal

wetland of the Yalu River Estuary, and the annual average carbon

removal was approximately 22,100 t. Based on the annual average

carbon removal of maricultured shellfish of 166,800 t for Liaoning

Province (Yin et al., 2022), the annual carbon sequestration of

cultured shellfish in the coastal wetland of the Yalu River Estuary

comprised 13.25% of the total provincial level. The higher the yield

of cultured shellfish was, the greater the carbon sequestration (Yue

and Wang, 2012; Zhang et al., 2013). From 2015 to 2019, the

shellfish species cultured in the coastal wetland of the Yalu River

Estuary were mainly R. philippinarum. Their culture area accounted

for 66.67~81.87% of the total area, their yield accounted for

76.60~83.30% of the total yield, and the carbon sequestration

accounted for 79.07~85.41% of the total. The second main species

of cultured shellfish were S. constricta and S. suberenata. The

culture area of S. constricta accounted for 1.53~2.72%, the yield

accounted for 10.74~12.39%, and the carbon sequestration

accounted for 8.91~10.08%. In addition, the culture area of S.

suberenata accounted for 12.6~23.81%, the yield accounted for

1.67~7.77%, and the carbon sequestration accounted for

1.68~8.53% (Figure 3). To the extent of the yield of the unit

culture area and quantity of carbon sequestration, in the past few

years, the unit area yield of S. constricta was the highest and

increased continuously each year, except for G. gigas in 2019,

which reached a quantity of 39.63 t/hm2 in 2019 (Figure 3).

Nevertheless, the unit area yield and the amount of carbon

sequestration of R. philippinarum were lower than those of S.

constricta, although its culture area and yield were the highest

(Figures 3, 4). This result is consistent with the results of previous

studies showing a linear relationship between the production of

marine shellfish aquaculture and the carbon sequestration (Yue and

Wang, 2012).
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In conclusion, among the cultured shellfish of the Yalu River

Estuary Coastal Wetland, R. philippinarum had the highest proportion

of yield and carbon sequestration of the total amounts, and S. constricta

had the second highest proportions (Figure 3).

Due to the lack of samples of externally attached organisms and

sediments during sampling, the carbon sequestration calculations

for these two types of samples were not included in this study.

Although this result does not fully reflect the entire process of

carbon sequestration of cultured shellfish (Wen et al., 2022), as the

most important ecologically relevant product of coastal wetland

culture in the Yalu River Estuary, the carbon sink capacity of

cultured shellfish directly reflects the carbon sink importance of

ecological products in the region.

The carbon sink conversion ratio of cultured shellfish is the ratio of

carbon sequestration to yield and is one of the most important values

for measuring the carbon sink capacity of aquaculture (Yue andWang,

2012; Shao et al., 2018). From 2015 to 2019, the average carbon sink

conversion ratio of different cultured shellfish in the coastal wetland of

the Yalu River Estuary was, in descending order, S. suberenata, R.

philippinarum, G. gigas, S. constricta and M. meretrix (Figure 5). The

results showed that S. suberenata had the strongest carbon

sequestration capacity. In contrast, the carbon sequestration capacity

of shellfish in Liaoning Province was ranked in descending order as S.

constricta, R. philippinarum, M. meretrix, G. gigas and S. suberenata

(Yin et al., 2022), indicating that the same cultured species exhibited

different carbon sequestration capacities in different breeding

environments. However, the total carbon sequestration of S.

suberenata in the Yalu River Estuary Coastal Wetlands is not

incredibly high, mainly due to the limitation of a lack of yield per

unit culture area. The average carbon sink conversion ratio of cultured

shellfish farmed in coastal wetlands was 10.92 (Figure 5), which was not

only higher than the average for Liaoning Province (Shao et al., 2019b)

but also higher than the average for other marine areas (Shao et al.,

2018; Hong et al., 2022), indicating that the Yalu River Estuary Coastal

Wetlands have a locational advantage in deploying carbon sink

fishery activities.

Therefore, we determined that improving the yield of cultured

shellfish or increasing the variety of shellfish with high-level carbon
TABLE 2 The division of Tapio decoupling states.

The state of decoupling DS/S DG/G Elastic value e Meaning

Decoupling

Weak decoupling >0 >0 0≤e<0.8 fairly ideal state

Strong decoupling <0 >0 e<0 Ideal state

Recessive decoupling <0 <0 e>1.2 Allowable state

Negative Decoupling

Expansive negative decoupling >0 >0 e>1.2 Undesirable state

Strong negative decoupling >0 <0 e<0 The least ideal state

Weak negative decoupling <0 <0 0≤e<0.8 Undesirable state

Coupling
Expansive coupling >0 >0 0.8≤e≤1.2 Undesirable state

Recessive coupling <0 <0 0.8≤e≤1.2 Allowable state
The data on seawater economic output value from 2015 to 2019 were from the Liaoning Fishery Statistical Annual Report (Liaoning Ocean and Fisheries Bureau, 2015–2019).
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sequestration would be an important way to enhance the carbon

sink capacity of cultured shellfish in coastal wetlands.
3.2 Carbon sink value of cultured shellfish

Between 2015 and 2019, the carbon sink value of cultured

shellfish in the coastal wetlands of the Yalu River Estuary was
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approximately 63.71 million yuan, with an annual average of 12.748

million yuan. The average annual carbon sink value of farmed

shellfish in Liaoning Province calculated using the same parameters

was 1600 million yuan (Yu et al., 2020). Comparatively, the carbon

sink value of cultured shellfish in the Yalu River Estuary Coastal

Wetlands was approximately 7.97% of the average level in the

province. Moreover, shellfish aquaculture in the coastal wetlands of

the Yalu River Estuary was mainly beach cultivation, which had
BA

FIGURE 4

(A) The yield and (B) the quantity of carbon sinks of different shellfish per unit culture area (hectare) from 2015 to 2019 in the coastal wetland of the
Yalu River Estuary. The data on varieties, culture area and yield of cultured shellfish from 2015 to 2019 were from the Liaoning Province Fishery
Statistics Annual Report (Liaoning Ocean and Fisheries Bureau, 2015–2019).
B

C D

A

FIGURE 3

The proportion of each accounting value (A: the ratio of culture area; B: the ratio of yield; C: the ratio of carbon sink; D: the ratio of CO2

sequestration) of different kinds of cultured shellfish from 2015 to 2019 in the coastal wetland of the Yalu River Estuary. The data on varieties, culture
area and yield of cultured shellfish from 2015 to 2019 were from the Liaoning Province Fishery Statistics Annual Report (Liaoning Ocean and
Fisheries Bureau, 2015–2019).
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little impact on the ecological landscape and caused little damage to

the coastal wetland ecosystem.

Suppose fisheries carbon sink projects are included in the China

Certified Emission Reduction (CCER) mechanism in the future. In

that case, shellfish aquaculture in the Yalu River Estuary Coastal

Wetlands can be an effective way to help achieve carbon peaking

and carbon neutrality goals.

At the same time, The Yalu River Estuary Coastal Wetland

National Nature Reserve, as a trading entity for carbon sink

property rights in marine fisheries, can receive over 10 million

yuan annually for wetland restoration and maintenance, ecological

replenishment, wetland ecological monitoring, etc. in protected

areas, which is basically equivalent to the central government

wetland subsidy funds received by Dandong in 2021 (Liaoning

Forestry and Grassland Bureau, 2022), providing strong financial

support for achieving coordinated development of fishery economy

and ecology.

In terms of aquaculture species, R. philippinarum was the

largest contributor to the annual average carbon sink value,

accounting for approximately 84.36%, followed by S. constricta, at

9.65%. On average, S. constricta had an annual carbon sink value

per unit aquaculture area of 1,537 yuan/hm², which was second

only to that of G. gigas. The culture of M. meretrix had the lowest
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contribution to the average annual carbon sink value, at only 0.94%.

G. gigas has been cultured since 2018, and the breeding scale is

generally very small. Despite its high average annual carbon sink

value per unit area, it has contributed little to the cultured shellfish’s

total carbon sink value (Figure 6). At present, the quantity of

shellfish larvae from R. philippinarum in the coastal wetlands of

the Yalu River Estuary accounts for more than 80% of the total

amount of larvae (Yu, 2022), and there is still potential to adjust its

culture structure from a carbon sink point of view. Consequently,

an in-depth quantitative study of the carbon sequestration

mechanism of cultured shellfish in coastal wetlands and a further

accurate accounting of the carbon sink value of cultured shellfish

may provide a foundation for enhancing the carbon sink value of

fisheries, formulating a coastal wetland resource protection plan,

and maximizing ecosystem service functions.
3.3 Relationship between carbon sinks of
cultured shellfish and local
seawater economy

Based on Tapio’s decoupling model, the decoupling relationship

between the carbon sink of cultured shellfish in the Yalu River

Estuary Coastal Wetland and the seawater economy of the region is

shown in Table 3, and there are six different types of elasticity

characteristics that define the relationship: strong decoupling, weak

decoupling, recessive decoupling, expansive negative decoupling,

strong negative decoupling, and expansive coupling. Among them,

R. philippinarum had the most ideal state of decoupling between the

carbon sink and the economic growth of cultured shellfish. As the

main aquaculture species in the coastal wetlands of the Yalu River

Estuary, although R. Philippinarum is not optimal in terms of yield

per unit area and carbon sequestration, it is yet the optimal species

for the coordinated development of carbon sink fisheries economy

and ecology in response to the national blue carbon strategy.

The carbon sinks of M. meretrix and S. suberenata had a more

ideal decoupling state except in 2016. In contrast, the carbon sink of

S. constricta with the economic growth rate was in the least ideal

state or undesirable state, except in 2016. The carbon sink of G.

gigas also showed an undesirable state.
BA

FIGURE 6

(A) The average annual carbon sink value and (B) the average annual carbon sink value per culture area of different cultured shellfish from 2015 to
2019 in the Yalu River Estuary. The data on varieties of cultured shellfish from 2015 to 2019 were from the Liaoning Province Fishery Statistics Annual
Report (Liaoning Ocean and Fisheries Bureau, 2015–2019).
FIGURE 5

The carbon sink conversion ratios of different cultured shellfish and
the average ratio from 2015 to 2019 in the coastal wetland of the
Yalu River Estuary. The data on varieties of cultured shellfish from
2015 to 2019 were from the Liaoning Province Fishery Statistics
Annual Report (Liaoning Ocean and Fisheries Bureau, 2015–2019).
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In general, the elastic characteristic frequency of different

cultured shellfish was similar, although it may be caused by the

accuracy of data measurement or diversity of data sources, that still

indicating that the decoupling relationship between the cultured

output value and the shellfish carbon sink was not close and that the

overall decoupling state was relatively unstable. Especially with the

increased cultivation area and yield of S. constricta and G. gigas,

their decoupling elasticities represent expansive coupling and

strong negative decoupling, respectively, indicating that although

they have a strong carbon sink capacity, the environmental costs of

culturing these species are higher than the economic benefits.

Therefore, for S. constricta and G. gigas, it is necessary to

optimize the aquaculture production process, and reduce

unnecessary energy consumption and carbon emissions for

promoting the decoupling of these types of shellfish aquaculture

from carbon emissions. It is necessary to take the advantages of high

carbon sequestration capacity shellfish varieties to continuously

improve carbon sink capacity for the farmed shellfish in the Coastal

Land of the Yalu River Estuary.
4 Conclusion

In this study, we calculated the cultured shellfish carbon sink

capacity and the value of these ecological products in the Yalu River

Estuary Coastal Wetland. The carbon sink conversion ratio of

shellfish cultured in the coastal wetlands of the Yalu River

Estuary decreased in the following order: S. suberenata, R.

philippinarum, G. gigas, S. constricta, and M. meretrix. From 2015

to 2019, the average annual carbon sequestration of cultured

shellfish in the Yalu River Estuary Coastal Wetland was 22,100

tons, accounting for 13.25% of the average in the province.

The yield and the carbon sequestration quantity of R.

philippinarum accounted for 76.60~83.30% of the total yield and

79.07~85.41% of the total carbon sequestration quantity but had

less carbon sequestration per unit area than did S. constricta. The

total production and carbon sequestration of S. constricta was
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second only to that of R. philippinarum. Apart from G. gigas, S.

constricta had the highest carbon sequestration quantity per unit

area and showed a year-on-year upward trend, reaching 3.75 t C/

hm2 in 2019. The total 5-year carbon sink value was approximately

63.71 million yuan with an average of 12.74 million yuan per year.

R. philippinarum was the largest contributor to the carbon sink

value. Improving the production per unit farming area or increasing

the proportion of farming of high carbon sink species can effectively

improve the total carbon sink capacity of coastal wetlands. R.

philippinarum had the most ideal decoupling state of carbon sink

and economic growth of cultured shellfish, followed by S.

suberenata and M. meretrix. Combined with the carbon sink

capacity measurement results, the primary increase in the high

carbon sink conversion ratio and high environmental benefits of

farmed species are R. philippinarum and S. suberenata, followed by

M. meretrix. The development of coastal wetland shellfish

aquaculture has a positive contribution to reducing carbon

emissions and increasing carbon sinks.
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