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The ocean has considerable potential to function as a carbon sink, absorbing anthropogenic CO2 and buffering the effects of climate change. How the culture of shellfish can be used to increase the ocean carbon sink warrants evaluation. We analyze the production and carbon sink capacity of six important mariculture shellfish species (oyster, ark clam, mussel, scallop, clam, and razor clam) in nine coastal provinces of China from 1981–2020 using quality assessment and logarithmic mean Divisia index (LMDI) decomposition methods. Over this time period both cultured shellfish production and its contribution to the carbon sink generally increase, averaging approximately 600,000 t annually over the last four decades. Both the annual production and carbon sink capacity of China’s mariculture shellfish industry vary geographically. The total annual tonnage (scale) of cultured shellfish, and to a lesser extent, coastal shellfish species composition (structure) influence carbon sink capacity, and affect China’s plans to achieve “dual carbon goals.” Combining historical analysis and the LMDI method, we propose a scheme that optimally and more sustainably manages China’s culture of shellfish.
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1 Introduction

Climate change can adversely affect species ecology, ecosystems, economic development, and human lifestyles. This change is widely attributed to increased CO2, which contributes up to 70% to the cause of global temperature rises (Jackson et al., 2017). Because greenhouse gas emissions are of global concern, governments now pay more regard to both reducing them, and to developing low-carbon economies and forms of carbon sink storage (Liu and Tang, 2013; Zhang et al., 2020; Cavan and Hill, 2022). Continued industrialization and urbanization in China has led to the unit-energy consumption of energy-intensive products being higher than that of other developed countries (Jiang and Fang, 2021). China imported 540 × 106 t of crude oil and 102 × 106 t of natural gas in 2020, which have considerable potential to contribute to further CO2 emissions (General Administration of Customs, January 2021).

In 2021 the Chinese government issued a document referred to as the “Opinions on making good carbon peaking and carbon-neutral work” (hereinafter referred to as “dual carbon goals”) that identified the capacity of ecosystems to sequester carbon (Huang et al., 2020; Huang, 2021). This requires an evaluation of the ecological carbon sink and other carbon assets to drive the carbon market toward neutrality. Many issues that require detailed study remain in the development of the national carbon emissions trading market (Lin and Ge, 2019; Yu et al., 2020a).

Compared with the “classical carbon sink” (CO2 absorption through afforestation and vegetation restoration) (Lin and Ge, 2019), the “ecological carbon sink” is more broadly defined to include ecological carbon sequestration in oceans, grasslands, wetlands, soils, permafrost, and karst habitats. As we know, terrestrial ecosystems play a significant role in carbon absorption and storage. However, the effect of forests and vegetation in terrestrial ecosystems on the carbon cycle is short-term, since the carbon will later be released into the atmosphere by decomposition (Fodrie et al., 2017; Chu et al., 2019). Additionally, the rapid expansion of human society places increasing demands on land, reducing the amount available for future large-scale afforestation for the purposes of increasing the carbon sink. Because the ocean covers 77% of the Earth’s surface and is the world’s largest carbon storage area, it has enormous ecological significance and potential as a carbon sink (Meentemeyer et al., 2015; Kondrik et al., 2018). Oceans absorb about 2 × 109 t of atmospheric greenhouse gases annually, almost 30% of annual global greenhouse gas emissions (Houghton, 2007; Raven, 2018).

Filter-feeding shellfish cultured in marine environments, hereinafter referred to as “mariculture shellfish,” are promising “marine filterers” because they require no artificial feeding and are sustained by natural resources. These shellfish have a high carbon sequestration capacity (Tang et al., 2018) because their feeding activities remove considerable particulate organic carbon from seawater; they sequester this carbon as CaCO3 in their shells and soft tissues (Zhang et al., 2021). Considerable carbon is also removed from saltwater during harvest (Tang et al., 2018). Understanding just how mariculture of these shellfish sequesters carbon will improve understanding of how shallow marine ecosystems can absorb atmospheric CO2, how they regulate the global carbon cycle, and how this can be exploited to promote development of the carbon trading market based on marine fisheries. The ecological and economic benefits of mariculture shellfish and algal species in carbon sink fisheries in Liaoning Province were described by Yu et al. (2020b); the carbon-sink capacity of mariculture shellfish in coastal South China Sea waters was described by Shao et al. (2019); and logarithmic mean Divisia index (LMDI) decomposition methods confirmed the importance of scale in the carbon sink capacity of mariculture shellfish in China (Ren, 2021).

The chemical composition and scale (total annual tonnage) of net organic matter at harvest of bivalves and algae and the ratio of dry weight to total wet weight (dry weight ratio) of these shellfish and algae have traditionally been used to estimate their carbon sink capacity (Zhou et al., 2002). Existing studies have also focused on measuring the carbon sequestration capacity of cultured species, factors that influence this, and development countermeasures. However, long-term, large-scale research on the carbon-sink contribution of mariculture shellfish in coastal waters of China is lacking. Accordingly, our understanding of the ecological contribution of mariculture shellfish to carbon sequestration, and how the shellfish culture industry can be developed to further contribute to carbon sequestration, is limited. We analyze the carbon sink capacity of six major mariculture shellfish species in nine coastal provinces in China over a 40-year period, and based on this provide a theoretical basis for optimizing shellfish mariculture management to better integrate their ecological function as a carbon sink with associated economic and social benefits.



2 Materials and methods


2.1 Data sources

Production data for major mariculture shellfish species (oyster, ark clam, mussel, scallop, clam and razor clam) for nine coastal provinces of China (Liaoning, Hebei, Shandong, Jiangsu, Zhejiang, Fujian, Guangdong, Guangxi, Hainan) over 40 years from 1981–2020 were sourced from Chinese Fishery Statistical Yearbooks [Fishery Bureau of Ministry of Agriculture and Rural Affairs of China (1982–2021)].



2.2 Data processing


2.2.1 Carbon sink measurement

Because carbon in mariculture shellfish exists in both shells and soft tissues, their carbon sink is represented by the sum of individual carbon contents, determined following Tang et al. (2011):







where CB, CST, and CS denote carbon fixed by shellfish (g), carbon fixed by tissue (g), and carbon fixed by shellfish (g), respectively; P, RST, and WC denote shellfish scale (g), the proportion of dry mass of molluscan tissue (%), and carbon content of molluscan tissue (%), respectively; and RS and WCS indicate the proportion of shellfish dry mass (%), and the carbon content of shellfish (%), respectively.

Dry mass ratios of soft tissues, shells, and carbon contents for different species of shellfish are summarized in Table 1 (Zhou et al., 2002; Qi et al., 2012; Lv et al., 2014; Ye et al., 2021a).


Table 1 | Tissues and shell dry mass ratios and carbon contents of six mariculture shellfish species in China.





2.2.2 Influencing factor analysis method

Based on the LMDI decomposition method of Ang (2015), we deem the following to be representative factors influencing the carbon sink capacity of shellfish: carbon sink coefficient (CSC), shellfish structure factor (SSF) (i.e.), and shellfish scale factor (SQ) (i.e.),. Relationships among them are as follows (Ji and Wang, 2016; Zhang et al., 2017):



Where n represents the each mariculture shellfish species (n = 6), CS is the total carbon sink, CSi is the carbon sink of shellfish species i, SQi is the production of shellfish species i, and SQ is total shellfish production.



Using a one-year time spacing, the base period for calculating the results in year t was year t−1, and base data were brought into the LMDI index decomposition method formula. The change in the carbon sink in period t relative to the base period can be expressed as:

	





Basic equations for the contribution values of different decomposition factors are:

	

	

	

Where  . The contribution rates (R) of different decomposition factors are:

RCSC=exp(θ×ΔCSCSC)

RSSF=exp(θ×ΔCSSSF)

	

Let 

	

We assume that no interannual variation in the carbon sink coefficient of mariculture shellfish exists, the contribution value of carbon sink coefficient variation is 0, and the contribution rate is 1. Based on these assumptions, we evaluate the influences of species composition and tonnage on the carbon sink of mariculture shellfish.





3 Results


3.1 Interannual variation in mariculture shellfish production and carbon sink

Production of mariculture shellfish in China, and the carbon sink represented by these species has risen consistently over time (Figure 1). From 1981–2006, production increased from 9.8 × 104 t to 9.8 × 106 t. The first dip in production over the 40-year period occurred in 2007, after which production again trended upward to 1.35 × 107 t in 2020. The carbon sink increased from 1× 104 t to 1.17 × 106 t from 1981–2020.




Figure 1 | Annual mariculture shellfish production and carbon sink tonnage (× 104) in China, 1981–2020.





3.2 Spatial and temporal patterns in mariculture shellfish carbon sink tonnage

The carbon sink in nine coastal provinces trended upward from 1981–2020 (Table 2), and was higher in Shandong, Fujian, and Liaoning provinces (Figure 2). From 2001, the carbon sink in Guangdong Province exceeded that of Zhejiang Province; sink values in other provinces were relatively similar.


Table 2 | Mariculture shellfish carbon sink capacities in nine coastal provinces, China, 1981–2000 and 2001–2020.






Figure 2 | Total carbon sequestration tonnage of mariculture shellfish in nine coastal provinces, China: (A) 1981–2000, (B) 2001–2020.



From 1981–2000, sink values in Shandong (1.25 × 106 t), Fujian (8.4 × 105 t), and Liaoning (7 × 105 t) provinces were high. These were followed by Zhejiang (3.4 × 105 t), Guangdong (2.5 × 105 t), Guangxi (2 × 105 t), Jiangsu (7 × 104 t), Hebei (4 × 104 t), and Hainan (0.5 × 104 t) provinces. From 2001 to 2020, Shandong, Fujian, and Liaoning provinces had high carbon sinks (5.96 × 106 t (up 4.71 × 106 t), 4.07 × 106 t (up 2.32 × 106 t), and 2.9 × 106 t (up 2.2 × 106 t), respectively), followed by Guangdong (2.52 × 106 t (up 2.27 × 106 t)), Zhejiang (1.4 × 106 t (up 1.06 × 106 t)), and Guangxi (1.24 × 106 t (up 1.04 × 106 t)) provinces. Jiangsu (8.9 × 105 t, up 8.2 × 105 t), Hebei (6 × 105 t, up 5.6 × 105 t), and Hainan (2.5 × 104 t, up 2 × 104 t) provinces had low carbon sinks, with the total carbon sink in Hebei and Jiangsu provinces rising significantly (14% and 12%, respectively). Zhejiang Province has the lowest growth rate of 3.12%.

The distributions of oyster, ark clam, mussel, scallop, clam, and razor clam have varied considerably over time, particularly from 2001, and for each were generally higher than the preceding 20 years (Table 2). In northern China (Liaoning, Shandong, Hebei), scallops and clams were significantly higher than those in the other four species. However, oysters and clams were generally higher than those of the other four species in southern China (Zhejiang, Fujian, Hainan, Guangdong, Guangxi).



3.3 Factors affecting mariculture shellfish carbon sink tonnage

Contributions of individual shellfish species to carbon sink tonnage in China from 1985–2020 are presented in Table 3. Ranked by scale factor, the value for 1997 (2.0568) was the highest among years, differing by 0.6559 from the second highest value (1.4009) in 1993, third in 1988 (1.3442), fourth in 1987 (1.3344), and fifth in 1986 (1.3298); for remaining years the contributions were more consistent, from ~1.1 (2007) to < 1.0 (2019). The top two species (and mean values) ranked by structure factor from 1985–1993 were scallops (1.5153) and clams (1.1445); from 1994–2002, oysters (1.3078) and Arcidae (1.0411); from 2003–2011, clams (1.1162) and scallops (1.0055); from 2012–2020, oysters (1.0122) and scallops (1.0052); and from 2012–2020, again, oysters (1.0122) and scallops (1.0052).


Table 3 | Contribution rates of factors influencing the carbon sink tonnage of individual mariculture shellfish species in China, 1985–2020.



Scale generally dominated the influence of the mariculture carbon sink in China, with species composition (structure) playing a lesser role. From 1985–2020, the overall contribution of scale factor to China’s mariculture carbon sink has exceeded that of structure and been greater than 1.0, with highest values of ~1.4. Overall levels were relatively stable, but fluctuated in 2007 and 2019. The structure factor also fluctuated, with significant differences between the lowest and highest values, but the contribution to the carbon sink has remained positive, mostly ~1.0. Oysters, clams, and scallops had a greater structure factor, while differences between remaining shellfish products were lower.




4 Discussion


4.1 Coastal shellfish culture

China is the largest global producer of mariculture shellfish (Yu et al., 2020a) in an industry gaining importance for providing high-protein food, increasing coastal resident employment, and promoting regional economic development (Engle et al., 2022). We report China’s mariculture shellfish production to trend upward from 9.8 × 104 t in 1981 to 1.35 × 107 t in 2020. Until 2018, China’s contribution to global shellfish production was 75.9%, and consumption 75.7%, with oysters, clams, and scallops being the most important species affecting China’s carbon sink capacity between 1981 and 2020 (Food and Agriculture Organization (FAO), 2020). Oysters (Ostrea gigas), clam (Ruditapes philippinarum), and scallops accounted for 29.5%, 23.6%, and 11% of projected global mollusk production, respectively (Food and Agriculture Organization (FAO), 2020). The huge potential of shellfish farming in coastal waters of China will directly influence the biological carbon capability, future studies should focus on selecting dominant shellfish species, developing integrated multi-trophic level aquaculture models, and expanding aquaculture areas (Ye et al., 2021b).

China has 3 × 106 km2 of sea area under its jurisdiction, which in cludes more than 4.7 × 106 km2 of marginal sea area, and nearly 217.04 × 106 hectares of coastal mudflats potentially available for shellfish farming (Zhang et al., 2017). However, mariculture in China mainly occurs in bays and near-shore areas. However, most areas suitable for near-shore mariculture have been exploited. High coastal aquaculture density, limited space, and reduced shellfish product quality and unit production, all constrain further development of coastal mariculture (Teng et al., 2021). Planning for coastal and coastal marine areas is a relatively new responsibility of China’s government policymakers.

Management approaches to develop sustainable coastal shellfish farming combined with other coastal activities in Dutch coastal North Sea waters were examined by Jansen et al. (2016). The growing demand for proteins derived from aquatic sources suggests that bivalve shellfish mariculture will become increasingly important. It is imperative that development of environmentally and economically sustainable coastal aquaculture is based on science (Cheney et al., 2010).



4.2 Climate change and shellfish carbon sink potential

China is committed to achieving “peak carbon and carbon neutrality” to address global climate change. Global warming affects many aspects of nature and humanity, and many of these changes may be irreversible. Rising temperatures and sea levels, and frequent extreme weather events pose significant long-term threats and challenges to global food supply, ecology, energy, and human survival and development (Eastwood, 2021). For the Chinese government to achieve carbon neutrality within 40 years, it must explore low-carbon strategies and ecological carbon sink technologies. In fact, global development of ecological carbon sink technology is of the utmost importance in the 21st century.

In addition to forest and grassland ecosystems, the importance of carbon sequestration by marine organisms as an ecological carbon sink is becoming increasingly recognized (McKay et al., 2021). Remote islands and seamounts of the United Kingdom’s Tristan da Cunha archipelago Marine Protected Zone support substantial biogenic carbon stocks, the conservation of which (and other such carbon-rich natural habitats) can significantly mitigate against climate change (Barnes et al., 2021). Macrophytic algae also sequester more carbon than seagrasses, salt marshes, and mangroves, and play an essential role in marine organic carbon storage (Raven, 2018). Previous studies on the roles of shellfish mariculture in carbon sequestration have mainly used shellfish wet and dry weight ratios in calculations, and their roles as sinks or sources of CO2 is controversial. Bartolini et al. (2021) developed a bioenergetic model of the carbon sequestration potential of mariculture shellfish to calculate CO2 fluxes, taking into consideration respiration (CO2 emissions) and shell (CaCO3) calcification, and demonstrated seasonal variability in the shellfish carbon sink and carbon source conversion. This study mainly considers the role of shellfish as a carbon sink and reports the development of carbon sink fisheries, especially shellfish farming, to have far-reaching implications for improving watershed environments, mitigating against global greenhouse effects, and for the economy and social functioning (Mcleod et al., 2011). Bivalve shellfish farming benefits society beyond its traditional market value (Houghton, 2007). We report the average annual removable carbon sink of mariculture shellfish in China to exceed 1 × 106 t, and for 2020, to have reached 1.17 × 106 t. As of September 2021, the cumulative volume of carbon emission allowances traded on the Chinese carbon market was ~17.65 × 106 t, with a cumulative transaction value of ~US$126 × 106 (Yi et al., 2018). Based on estimated expenditure of US$150–600 t−1 for CO2(C) reduction in industrialized countries according to the 1997 Kyoto Protocol (Filgueira et al., 2015), the economic value of mariculture shellfish in China for reducing atmospheric CO2 from 1981–2020 is equivalent to US$80–330 × 106 annually.



4.3 Developing shellfish aquaculture in China

Justification for expanding shellfish aquaculture in China should take the ecological benefits of this industry as a carbon sink, and the environmental role it plays in controlling algae into consideration. Development plans should incorporate regional characteristics of natural marine areas, also take shellfish biological characteristics and habitat suitability into consideration, and be guided by market demand to more effectively promote realization of energy conservation, emission reduction, and the dual carbon goals in China. Shellfish farming technology and ecological enrichment, shellfish and nearshore mudflat farming waters combined with the construction of shellfish reef symbiotic ecological pasture will usher in new research opportunities.

In recent years, conservation of coastal resources has involved the closure of many areas to farming, and pollution from aquaculture to have been otherwise regulated. However, from an economic perspective, and for carbon sequestration, the downside of these conservation efforts is that the amount of coast suitable for shellfish aquaculture has reduced. Currently, coastal beach farming licenses are issued by the Bureau of Agriculture and Rural Affairs (in charge of fisheries and aquaculture). Additionally, the use of coastal resources for aquaculture requires the approval of the Bureau of Natural Resources, in the form of a ‘sea area use permit,’ which requires an environmental impact assessment be undertaken for the aquaculture project. Approval of the environmental impact assessment is the responsibility of the Bureau of Ecology and Environment. A revised organizational and administrative model would streamline this process. Accordingly, we propose that a working body be established to coordinate the integrated management of coastal aquaculture waters, and a conceptual framework (Figure 3) to rationalize the shellfish industry’s structural layout under the dual carbon goal. Because the Ministry of Agriculture prohibits the use of raking gear for shellfish collection, development of ecologically friendly fishing technologies is also necessary for efficient harvest and habitat protection.




Figure 3 | Shellfish aquaculture development models: (A) Traditional; (B) Ecology-oriented.






5 Conclusion

This study analyzed the spatial and temporal distribution characteristics and main influencing factors of the carbon sink capacity of mariculture shellfish in China. We found that the average annual removable carbon sink of mariculture shellfish in China exceeded 1 × 106 t, and it climbed to 1.17 × 106 t in 2020 with an upward overall trend. Among them, Oysters, clams, and scallops were the main source of removable carbon sinks in China’s mariculture. Furthermore, the shellfish in China’s mariculture is very extensive and has been widely cultivated in coastal regions of China. With the deepening of technology in China’s mariculture, the scale and production of shellfish will be updated, which will contribute substantially to China’s fishery carbon sink. However, evaluation for the carbon sink of mariculture shellfish has not yet a unified standard and needs to be further studied.
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