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With the proposal of dual carbon goals, enhancing carbon sinks and reducing carbon emissions has become a critical issue. Fisheries, as a component of agriculture, possess the dual attributes of being a “carbon sink” (biological carbon fixation) and a “carbon source” (the carbon emissions from fishing vessels). Therefore, it is necessary to assess the carbon sink and carbon emission levels of fisheries. The northern marine economic circle, which includes Liaoning, Hebei, Tianjin, and Shandong, is an important site for fisheries in China, characterized by abundant aquatic resources. However, a comprehensive assessment of the carbon budget for fisheries in this region is still unclear. This study calculated the carbon sinks, carbon emissions, and net carbon emissions associated with fisheries in the region from 2013 to 2020. Additionally, we used sensitivity analysis and scenario simulation to explore the factors influencing the net carbon emissions. The results revealed that the carbon budget of the northern marine economic circle was in a carbon deficit (the amount of carbon emissions was higher than that of carbon sinks) from 2013 to 2020. However, a downward trend in the net carbon emissions was observed, indicating the potential of achieving carbon neutrality. From the perspective of provinces, significant differences among provinces (cities) were found in terms of carbon sinks, carbon emissions, and net carbon emissions, with Shandong having the largest net carbon emissions. Furthermore, the production of clams and the use of seawater trawl net have a significant impact on the net carbon emissions. Increasing the production of clams while reducing the power of trawling operations can significantly decrease net carbon emissions. Based on these results, this study provides relevant suggestions to enhance the carbon sink capacity and decrease the carbon emissions of fisheries in the northern marine economic circle.
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1 Introduction

In September 2020, China announced achieving “carbon peaking” by 2030 and “carbon neutrality” by 2060 (The Chinese Foreign Ministry, 2020). This announcement came as a pleasant surprise for the fight against climate change, it is essential to reduce carbon dioxide concentration in the atmosphere (Jiao et al., 2010; Zeng et al., 2022). To reduce the concentration of carbon dioxide, two ways must be implemented simultaneously. One way is to increase carbon sinks by enhancing the biological absorption of carbon dioxide, while the other is to reduce carbon emissions by decreasing fossil fuel consumption or promoting fossil energy utilization efficiency (Zhou et al., 2019; Ren, 2021; Zhao et al., 2023; Lin and Ge, 2019). Fisheries are a component of agriculture, with the dual attributes of being a “carbon sink” due to biological fixation and a “carbon source” due to fishing vessels (Chen et al., 2022; Wang and Feng, 2023; Chen et al., 2024). Aquaculture and capture fisheries play key roles in the fisheries sector in China (Kang et al., 2017; Huang and He, 2019), and they also make a significant contribute to the carbon budget (Wang and Wang, 2022). Cultivating aquatic organisms with carbon sink capacities can contribute to enhancing carbon storage (Wu and Li, 2022). Tang et al. (2011) discovered the role of aquaculture algae and shellfish in seawater in carbon sinks are highly significant. Algae convert inorganic carbon in seawater into organic carbon through photosynthesis, storing it in their organisms through assimilation (Song et al., 2020). Shellfish efficiently filter phytoplankton and organic particles, absorbing dissolved inorganic carbon (DIC) for shell growth, and filtering suspended particulate organic carbon (POC) for soft tissue development (Jia et al., 2023; Le et al., 2023). Furthermore, significant contributions of fishes to carbon flux are non-negligible (Saba et al., 2021). Fishing must be considered an important contributor to carbon emissions due to the usage of fuel by fishing vessels (Greer et al., 2019; Hornborg and Smith, 2020). However, considering that fisheries play dual roles as both carbon sinks and emissions, whether they are a carbon sink or source remains controversial and unclear, particularly from a regional or national perspective. Assessing the carbon sink and source of fisheries is a matter of urgency.

Despite the acknowledged significance of carbon sinks and emissions, there are still many problems and difficulties due to the uncertainty of the assessment method. There is no systematic, scientific conclusion and a lack of data about the carbon budget. First, most studies only focused on one side (carbon sinks or emissions), and there have been limited joint studies on both sides. Shao et al. (2019); Song et al. (2020), and Hong et al. (2022) only considered the carbon sink capacity of mariculture. Greer et al. (2019); Gao et al. (2022), and Tian et al. (2023) concentrated on the carbon emissions of marine fisheries. Second, there are four main forms of fishery carbon sink: the biomass carbon sink (also called removable carbon), dissolved organic carbon (DOC), recalcitrant DOC (RDOC), particulate organic carbon (POC) (Liu et al., 2022; Pessarrodona et al., 2023). However, the release of particulate organic carbon (POC) and dissolved organic carbon (DOC) during the growth of shellfish and algae are always neglected and excluded in previous studies (Ren, 2021; Gu et al., 2022; Lai et al., 2022; Hao et al., 2024; Tan et al., 2024). It is crucial to assess the level of carbon sinks through a range of scientifically reliable indicators. Third, although some scholars consider both carbon sinks and emissions in their research, existing studies in the coastal regions mainly focus on marine fisheries, and freshwater fisheries receive less attention (Shao et al., 2018; Guan et al., 2022; Li et al., 2022; Wang and Feng, 2023; Li et al., 2023a).

In order to achieve carbon neutrality, it is vital to improve the marine environmental quality by controlling carbon emissions from the fishery ecosystem (Entrena-Barbero et al., 2022; Liu et al., 2023). The northern marine economic circle of China is administratively managed by three provinces and one city (Liaoning, Hebei, Tianjin, and Shandong) surrounding the Bohai Sea (Chen et al., 2022; Liu et al., 2023). This region offers a solid foundation for marine economic development and serves as a significant fisheries base (Guo et al., 2022). However, the region faces a series of environmental problems such as carbon reduction while developing the fishery economy (Li and Jin, 2019; Xu et al., 2023). It is significant to identify the carbon budget of the coastal provinces (cities) in protecting the environment of the region Therefore, this study mainly focused on the carbon budget of the northern marine economic circle.

Here, we comprehensively explore the carbon budget of fisheries in the northern marine economic circle based on the modified model that integrates particulate organic carbon (POC) and dissolved organic carbon (DOC) into a calculation method. We also consider the direct or indirect contribution of freshwater fisheries to carbon sinks and emissions. This study is aimed to (1) reveal whether fisheries in the region are a carbon sink or source; (2) estimate the levels of carbon sinks and emissions within the region; (3) analyze the main influencing factors of net carbon emissions and predict the net carbon emissions under different scenarios; (4) propose new insights and a scientific reference for regional carbon reduction policies in the aspect of carbon reduction, based on the preliminary findings of the Monte Carlo simulation.




2 Data and methods



2.1 Study area

The northern marine economic circle encompasses Liaoning, Hebei, Tianjin, and Shandong surrounding the Bohai Sea, located between approximately 35.0°N to 41.5°N and 116.5°E to 123.5°E (Sun et al., 2023; Zhang and Wang, 2024). The influx of the Kuroshio, a branch of Japan’s warm current, has bestowed Bohai with abundant economic and biological resources (Chen et al., 2022). With its favorable geographical location and abundant resources, the region has seen its coastline expand seaward, setting a strong foundation for enhancing its fishing industry (Sawut et al., 2023; Zhang et al., 2023).




2.2 Data sources

We collected data on the species production, aquaculture area, and fishing vessel operation power of the four provinces (cities) in the study area from 2013 to 2020. The data used in this study were sourced from the China Fishery Statistics Yearbook [Fishery Bureau of Ministry of Agriculture and Rural Affairs of China (2014–2021)]. The fuel consumption coefficient of fishing vessels was from the domestic motor fishing vessels oil subsidies oil measuring standard reference (http://www.moa.gov.cn/govpublic/YYJ/201006/t20100606_1538704.htm).




2.3 Calculation methods



2.3.1 Calculation of carbon sinks

Aquaculture includes both marine and freshwater aquaculture. Carbon sinks in marine aquaculture mainly include shellfish, algae, marine fish, and crustaceans. Some options for shellfish include oysters, mussels, scallops, clams, razor clams, snails, abalones, cockles, and conch. For algae, options include kelp, laver, wakame, and ogonori. Freshwater aquaculture mainly involves carbon sinks of freshwater fish and crustaceans. The dry weight ratio of shellfish and algae, the quality weight ratio of soft tissue and shell in shellfish, and the carbon sink coefficients of shellfish and algae were acquired from relevant studies (Ross et al., 2017; Liu et al., 2019; Shao et al., 2019; Lai et al., 2022). These parameters are listed in Tables 1, 2, respectively. The carbon sink model used in this article is based on Yang Lin’s research (Yang et al., 2022).


Table 1 | Calculation coefficient of the carbon sink capacity of Shellfish.




Table 2 | Calculation coefficient of the carbon sink capacity of Algae, Fish, and Crustaceans.





2.3.1.1 Estimation of shellfish carbon sinks

 

 

 



In Equations (1-4),   denotes the carbon sinks of shellfish, which comprise two components: the shell carbon sinks   and the carbon sinks formed by the release of POC and DOC through the shellfish growth process  ;   represents types of shellfish;  ,  , and   represent respectively shellfish production (wet weight), dry weight ratio, and carbon content of shells;   denotes the proportion of organic carbon compared to total shell carbon in marine sediment, which is 20% in this article;   represents the carbon sinks of soft tissue;   represents the dry weight ratio of soft tissue;   represents the carbon content within soft tissue;   denotes the POC and DOC released through the growth process of shellfish;   denotes the proportion of released POC and DOC converted into carbon sinks, which is set to 1 in this article.




2.3.1.2 Estimation of algae carbon sinks

 

 

 

In Equations (5-7),   denotes the carbon sinks of algae, which are composed of two segments: the algae carbon sinks   and the carbon sinks are facilitated by the release of POC and DOC during algae growth  ;   denotes types of algae;  ,  , and   represent respectively algae production, carbon content, and dry weight ratio.   is the proportion of released POC and DOC converted into carbon sinks, typically equaling 1.   denotes the proportion of photosynthetic activity occupied by POC and DOC release, which is 24%.




2.3.1.3 Estimation of fish and crustacean’s carbon sinks

 

 

 

In Equations (8-10),   represents fish and crustacean’s carbon sinks, which consist of two parts: the carbon sinks in fish and crustaceans themselves  , and the carbon sinks formed through the release of both POC and DOC  . Here,   represents fish or crustaceans, and   represents different categories of fish or crustaceans.  ,  , and   respectively represent production, dry weight ratio, and carbon content.   represents the proportion of consuming natural feed, which is 20%.   denotes the released POC and DOC during the growth process, which is 1.   represents the proportion of released POC and DOC converted into carbon sinks, typically equal to 1.





2.3.2 Calculation of carbon emissions

The carbon emissions are predominantly generated by the consumption of fuel from capturing fishing vessels. The fishing operation modes are categorized into six types: seawater trawl net, seawater seine net, seawater gill net, seawater cast net, seawater fishing gear, seawater others and freshwater fishing. The method for calculating carbon emissions in this article is based on the approach for calculating carbon emissions that was proposed by the Oak Ridge National Laboratory (ORNL) in 1990. The equation is as follows (Zhang et al., 2010):

 

 

In Equations (11, 12),   denotes the direct carbon emissions from the fishing industry;   denotes the different operation modes of capture fishing vessels;   denotes the fuel consumption of fishing vessels;   denotes the coal equivalent coefficient of fuel, which is 1.4751;   denotes the effective oxidation fraction, which is 0.982;   denotes the carbon content per ton of standard coal, which is 0.73257;   denotes the ratio of CO2 emissions from fuel oil to coal combustion while generating an equal amount of heat energy, which is 0.813;   denotes the constant for conversing of carbon to CO2, which is 3.67;   denotes the primary engine power of fishing vessels during different operation modes;   denotes the oil consumption coefficient of fishing vessels varies under different operational modes.




2.3.3 Calculation of net carbon emissions

The net carbon emissions are equal to the amount of carbon emissions from fishing minus the amount of carbon sinks from aquaculture. The calculation formula (13) for this is outlined below:

 





2.4 Monte Carlo simulation method

We run Monte Carlo simulation to quantify the uncertainty factors from the net carbon emissions model by defining triangular distribution for each uncertainty parameter. The Oracle Crystal Ball (United States) was used to assist with random sampling, and 10,000 trials were defined to support the simulation. Sensitivity analysis was conducted for calculation model to evaluate the influence of uncertain variables on the carbon sinks, carbon emissions, net carbon emissions.

In 2020, the national aquaculture production increased by 2.86% compared to the previous year (Ministry of Agriculture and Rural Affairs, 2021a). From 2016 to 2020, the percentage of trawler fishing vessels has decreased by nearly 10% (Ministry of Agriculture and Rural Affairs, 2020). Hence, combined with the sensitivity analysis, we have designed three possible scenario models: (1) Improving clams production (α1), it is suggested to increase the benchmark values (0.25) to 5% (0.2625) and 10% (0.275), respectively, while keeping all other parameters constant. (2) Lowering the percentage of seawater trawl net usage (α2), it is advisable to adjust the benchmark values (0.47) to 0.423 (10% reduction) and 0.376 (20% reduction), while maintaining the consistency of all other parameters. (3) Adjust both the production of clams and the proportion of seawater trawl net simultaneously to increase clams production to 0.275 and decrease the proportion of seawater trawl net to 0.376, while keeping all other factors constant.





3 Results



3.1 The current situation of fisheries



3.1.1 The spatial and temporal changes in aquaculture area

Based on the relevant data from the China Fishery Statistical Yearbook, the development of aquaculture area in the northern marine economic circle between 2013 and 2020 is presented in Table 3. Over this period from 2013 to 2020, the area of aquaculture in the region has shown a fluctuating trend, with the maximum area of 2232.108 thousand ha in 2015. We further divided the period from 2013–2020 into two periods: 2013–2015 and 2015–2020, and the trends in area changes in these two periods were different. From 2013 to 2015, the aquaculture area consistently increased annually from 2213.553 to 2232.108 thousand ha, representing an increase rate of 0.838%. Conversely, from 2015 to 2020, the region experienced a decreasing trend in aquaculture area, with a decrease rate of 21.658%. Overall, from 2013 to 2020, the aquaculture area in the region decreased from 2213.553 to 1748.674 thousand ha, showing a 21.001% decline rate.


Table 3 | Aquaculture area of four provinces (cities).



In terms of spatial distribution, aquaculture in the region was predominantly concentrated in Liaoning and Shandong, with less distribution of area in Hebei and Tianjin. Meanwhile, the aquaculture areas in Liaoning, Hebei, Tianjin, and Shandong showed an overall trend of “increase–decrease” from 2013 to 2020, with a maximum area of 1152.153 thousand ha, 201.018 thousand ha, 40.560 thousand ha, and 846.151 thousand ha, respectively. Specifically, Liaoning and Shandong reached a peak in 2015, while Tianjin and Hebei had the highest points in 2014. The negative correlation between aquaculture and year, suggests a potential decrease in the aquaculture area in the future (Supplementary Figure 1).




3.1.2 The changes in species production and coal consumption

In the entire region, from 2013 to 2016, species production increased from 1099.568 to 1193.878 ten thousand tons (Figure 1A). The production experienced its first dip in 2017 over eight years, followed by a subsequent upward trend to 1101.132 ten thousand tons in 2020. The species production increased by 0.142% from 2013 to 2020. From a provincial perspective, the production of four provinces (cities) showed a dynamic wave trend, reaching a highest point in 2016. The provinces with relatively high production were Shandong and Liaoning, with production ranging from 605.233 to 656.417 ten thousand tons and from 366.236 to 407.972 ten thousand tons, respectively. The relatively low were Hebei and Tianjin, with production ranging from 70.776 to 97.117 ten thousand tons and from 22.215 to 33.094 ten thousand tons, respectively.




Figure 1 | Changes in species production and the coal consumption from the fisheries of the four provinces (cities) from 2013 to 2020. (A) Species production (B) The coal consumption of fishing vessels.



The primary source of carbon emissions is the fuel consumption on fishing vessels (Hornborg and Smith, 2020). From 2013 to 2020, the coal consumption of the region demonstrated an “increase-decrease” trend, with a maximum value of 168.219 ten thousand tons in 2015 and a minimum value of 149.312 ten thousand tons in 2020 (Figure 1B). The value of coal consumption provided by different provinces (cities) was different. Shandong contributed the most, followed by the contributions of Liaoning and Hebei, Tianjin contributed the least.





3.2 Spatial-temporal changes of carbon sink, source and budget



3.2.1 Spatial-temporal changes from the entire region’s perspective

As can be seen from Figure 2A, a total of 100.187 ten thousand tons of carbon sinks and 466.983 ten thousand tons of carbon emissions in the region were generated between 2013 and 2020. The amount of carbon emissions was more significant than that of carbon sinks, indicating that the region was a carbon source. The net carbon emissions from fisheries were maintained at 366.795–427.313 ten thousand tons from 2013 to 2020, the highest value was observed in 2015. The trend was downward as a whole, using 2013 as the base year, decreased from 391.293 to 366.795 ten thousand tons in 2020, showing a 6.261% decline rate. Moreover, the carbon sinks and emissions of mariculture were far larger than those of freshwater in the region. The highest net carbon emissions were in Shandong, followed by Liaoning and Hebei, while the net carbon emissions of Tianjin were relatively low (Figure 2B).




Figure 2 | Time evolutionary characteristics of net carbon emissions, carbon sinks, and carbon emissions of fisheries, as well as the proportion of net carbon emissions in each province between 2013 and 2020. (A) Change characteristics of net carbon emissions in the entire region. (B) Change characteristics of net carbon emissions in different provinces.



In terms of the total amount of carbon sinks, it exceeded 1 million tons in 2016. From 2013 to 2020, carbon sinks increased from 88.765 to 100.187 thousand tons, with an increase rate of 12.868%. During 2013–2017, the carbon sink capacity of this region has been continuously improved, however, it showed a downward trend after 2017 (Figure 3A). The carbon sinks facilitated by shellfish were as high as 97.248 ten thousand tons in 2017, accounting for 88.721% of the total amount. Those facilitated by algae accounted for 7.031%. It is apparent that seawater shellfish and algae played an important role in carbon sinks. Additionally, freshwater aquaculture also made some contributions to carbon sinks, accounting for an average of 4.135% of the total amount.




Figure 3 | The total carbon sinks and emissions of fisheries. (A) Carbon sinks of different species (B) Carbon emissions of different fishing method.



The total carbon emissions exhibited a fluctuating trend, peaking in 2015. From 2013 to 2020, carbon emissions decreased from 480.058 to 466.983 thousand tons, with a decrease rate of 2.724%. Seawater trawl net was the main source of carbon emissions of the northern marine economic circle (Figure 3B). From 2013 to 2020, the carbon emissions of seawater trawl net played a leading role in the entire region, accounting for more than 52.871% on average of the total amount. The second was seawater gill net, which accounted for more than 30.980%. Freshwater accounted for 5.369%, while seawater other sources played a minor role, accounting for 0.819%.




3.2.2 Spatial-temporal changes from the provincial perspective

The results in Figure 4 show that the net carbon emissions in different provinces (cities) of the northern marine economic circle between 2013 and 2020. All provinces (cities) had positive net carbon emissions and did not achieve the carbon neutrality by 2020. However, there were significant differences among provinces (cities) in carbon emissions. Only Liaoning showed a slight increasing trend in overall net carbon emissions with each year, while the other three provinces (cities) experienced a decreasing trend. In Liaoning Province, carbon sinks have slightly increased, with a significant increase in carbon emissions. This has resulted in an overall slight increasing trend in the net carbon emissions from 2013 to 2020. The net carbon emissions in Liaoning reached a peak in 2015 with 156.195 ten thousand tons. Subsequently, they decreased to 123.839 ten thousand tons in 2017. From 2013 to 2020, there was a slight increase in the net carbon emissions from 138.208 to 138.419 ten thousand tons, representing a growth rate of 0.152%. For Hebei Province, which experienced its highest and lowest net carbon emissions in 2015 and 2017, respectively. Thereafter, the net carbon emissions steadily increased until 2020, but then showed a decreasing trend overall. From 2013 to 2020, the net carbon emissions decreased in Hebei from 41.279 to 38.972 ten thousand tons, with an increase rate of 5.589%. During the same period, the overall trend of net carbon emissions in Tianjin was downward, with one significant increase in 2017. Thereafter, the trend steadily decreased until 2020. The net carbon emissions decreased by 15.531% from 8.449 ten thousand tons in 2013 to 7.136 ten thousand tons in 2020. Conversely, the carbon emissions in Shandong significantly exceeded the carbon sinks, leading to a substantial increase in its net carbon emissions. The fisheries in Shandong served as a carbon source. The maximum net carbon emission from the fisheries occurred in 2016, reaching approximately 222.410 ten thousand tons. Since then, there has been a consistent annual decrease in carbon emissions, with the minimum observed in 2020, at 182.268 ten thousand tons. During 2013 and 2020, the net carbon emissions of Shandong have exhibited a downward trend, with a decrease rate of 10.371%.




Figure 4 | The net carbon emissions of each province (city) from 2013 to 2020. (A) Liaoning (B) Tianjin (C) Shandong (D) Hebei.



Figure 5 reflects the evolutionary trend of carbon sinks in four provinces (cities) between 2013 and 2020. During this period, the overall carbon sinks of Liaoning and Shandong were on an increasing trend, Hebei and Tianjin showed a decrease in carbon sinks. Between 2013 and 2020, the carbon sinks in Shandong and Liaoning were high. The carbon sinks from Tianjin were small, with the largest being in 2014 and primarily due to freshwater aquaculture. However, the carbon sinks of the remaining three provinces reached a peak value in 2017 and mainly relied on marine aquaculture. The carbon sinks of Liaoning increased from 28.263 ten thousand tons in 2013 to 32.443 ten thousand tons in 2020, reflecting an increase rate of 14.790%. The value of 37.712 ten thousand tons in 2017 was the highest. Taking 2013 as the baseline period, the carbon sinks in Hebei decreased by 10.565% from 6.803 to 6.084 ten thousand tons. It was in 2017 that the value peaked at 7.524 ten thousand tons. From 2013 to 2020, the carbon sinks of Tianjin decreased from 0.356 to 0.244 ten thousand tons, representing a reduction rate of 31.461%. The value of 0.367 ten thousand tons in 2016 was the highest. The carbon sinks increased from 53.343 to 61.416 ten thousand tons, reflecting a growth rate of 15.134%. The biggest increase in Shandong was 64.063 ten thousand tons in 2017.




Figure 5 | The carbon sinks of each province (city) from 2013 to 2020. (A) Liaoning (B) Tianjin (C) Shandong (D) Hebei.



According to Figure 6, Shandong and Liaoning contributed most to carbon emissions. Except for Liaoning, the carbon emissions of the remaining three provinces (cities) decreased from 2013 to 2020. During the period, Liaoning increased by 4.391 ten thousand tons from 166.471 to 170.862 ten thousand tons, with a growth rate of 2.638%. The carbon emissions of Hebei decreased by 3.026 ten thousand tons from 48.082 to 45.057 ten thousand tons, with a decrease rate of 6.292%. The highest carbon emission points of the two provinces were in 2015, about 186.018 and 50.811 ten thousand tons respectively. In Tianjin, there was a 16.178% decrease rate in the carbon emissions from 8.805 to 7.380 ten thousand tons. The carbon emissions of Shandong dropped from 256.700 to 243.684 ten thousand tons, reflecting a reduction rate of 5.070%. The highest carbon emission points of the two provinces were in 2016, about 9.224 and 285.087 ten thousand tons respectively.




Figure 6 | The carbon emissions of each province (city) from 2013 to 2020. (A) Liaoning (B) Tianjin (C) Shandong (D) Hebei.







3.3 Sensitivity analysis and scenario simulation

Sensitivity analysis shows that a slight increase or decrease in species production and the engine power of fishing vessels can cause varied net carbon emissions in the entire region. From Figure 7A, it can be seen that clams production and seawater trawl net were the predominant factors contributing to net carbon emissions. The clams were completely inhibited, and the seawater trawl net solely contributed to the net carbon emissions. Clams were the main positive factor of carbon sinks, followed by scallops and oysters, accounting for 86%, 32%, and 29%, respectively (Figure 7B). Based on Figure 7C, the seawater trawl net was the most sensitive and had a positive effect on carbon emissions, contributing to 80%. Thus, increasing the production of clams and decreasing the proportion of seawater trawl net is essential to carbon reduction in the entire region.




Figure 7 | Sensitivity analysis for net carbon emissions, carbon sinks, and carbon emissions at the scale. (A) Net carbon emissions (B) Carbon sinks (C) Carbon emissions.



The results of the sensitivity analysis are shown from a provincial perspective (Supplementary Table 1). Among the most significant factors influencing carbon sinks in Liaoning, kelp made the largest contribution, accounting for 54%. The seawater trawl net showed the highest sensitivity to carbon emissions, at 87%. In contrast to Liaoning, Hebei exhibited the greatest sensitivity to carbon emissions from using seawater seine fishing methods, at approximately 88%. Its carbon sink was predominantly dependent on the carbon sinks facilitated by scallops, accounting for 97%. The sensitivity of the carbon sinks in Tianjin was notably driven by freshwater fish, with Cyprinus carpio and Carassius auratus as the top contributors at sensitivity levels of 68% and 47%, respectively. Freshwater fishing was the main factor in carbon emissions, accounting for 86%. In Shandong Province, the carbon sinks of clams were the most significant, representing 93% of the province’s total carbon sink capacity in the province. The primary contributor to carbon emissions was seawater trawl net, accounting for 94%, far exceeding the impact of other fishing methods.

Under the different scenarios, the influences on net carbon emissions are different. The findings of the scenario analysis are depicted in Figure 8. Specifically, increasing clams production by 5% and 10% resulted in a rise in carbon sinks of 0.17% and 0.18%, respectively, along with reductions in net carbon emissions by 4% and 4.3% (Figure 8A). Similarly, decreasing seawater trawl net by 10% and 20% resulted in carbon emissions reductions of 5% and 12%, and net carbon emissions decreases of 6% and 15% (Figure 8B). Notably, a simultaneous 10% increase in clams production and a 20% decrease in seawater trawl net triggered a substantial 19% decrease in net carbon emissions (Figure 8C). By modifying the proportion of clams production and decreasing the proportion of fishing types, it is possible to reduce net carbon emissions to some extent.




Figure 8 | Analysis of scenario predictions on net carbon emissions, carbon sinks, and carbon emissions (blue denotes basic scenarios, pink and purple represent simulated scenarios). (A) Scenario 1 (B) Scenario 2 (C) Scenario 3.







4 Discussion



4.1 Improvement in the carbon assessment methods

First, compared to most previous research that explores the net carbon emissions of nine coastal provinces in China (Li et al., 2022; Tian et al., 2023), this study mainly focused on the net carbon emissions of the northern marine economic circle in detail, helping policymakers have a clearer comprehension of the carbon budget of this particular region. Second, earlier studies have explored the carbon budget of marine fisheries, while ignoring the importance of freshwater fisheries. This study explicitly addressed the carbon budget of both marine and freshwater fisheries in the study area. Third, this study comprehensively assessed the carbon sinks of fisheries in the northern marine economic circle. Compared to the modified carbon sink model, the traditional “removable carbon sink” model would underestimate the carbon sinks of fisheries by 28%-35% (Supplementary Table 2).

Freshwater fisheries, which used to assess the carbon budget of fisheries are relatively rare in the study of fisheries’ carbon budget. In our study, we provided a more accurate assessment of carbon sinks and emissions by including freshwater. We found that the fisheries of the provinces (cities) in the northern marine economic circle are all carbon sources. This result is consistent with existing literature (Wu and Li, 2022; Xiong et al., 2023).




4.2 The spatiotemporal characteristics of the carbon budget



4.2.1 Spatiotemporal evolutions of carbon budget from the regional perspective

According to the results of the assessment of the carbon budget in the fisheries industry, the entire region was not in a state of carbon neutrality by 2020. The fisheries industry mainly served as a carbon source. Carbon emissions in the northern marine economic circle have been decreasing, while carbon sinks are increasing, showing an overall decrease trend in net carbon emissions. This indicates that the fisheries industry has considerable potential for achieving carbon neutrality. In 2021, the Ministry of Agriculture and Rural Affairs of China issued a notice regarding the implementation of supportive policies for fishery development to promote high-quality development in fisheries. The notice proposes optimizing the structure of the fisheries industry and reducing the intensity of nearshore fishing, which contributes to achieving carbon neutrality (Ministry of Agriculture and Rural Affairs, 2021b).

From the perspective of the region, the net carbon emissions of fisheries reached a peak in 2015, and there has been a period of decline since 2016. This is because the “Twelfth Five-Year Plan” for fishery development achieved satisfactory results and maintained a good trend of stable and progressive fishery economy in 2015. The 13th Five-Year Plan mainly focused on accelerating the transformation and upgrading of the fishery industry, and adjusting the industrial structure to achieve green and sustainable development in 2016 (Ministry of Agriculture and Rural Affairs, 2016. Carbon sinks in the region showed an increasing trend and reached the highest point in 2017. In 2016, China implemented the Opinions on the Comprehensive Establishment of a Marine Ecological Red Line System, which included strict control over marine resource utilization and strengthened ecological preservation measures (The State Oceanic Administration, 2016). Additionally, carbon emissions initially increased and subsequently decreased over time, reaching a peak value in 2015. This trend is similar to that of net carbon emissions.

Through sensitivity analysis, it was found that the sensitive factors are mainly the species types and fishing methods. It is necessary to adjust these two aspects to decrease the net carbon emissions of fisheries. First, clams contributed the most in terms of carbon sinks, so the production of clams in aquaculture should be increased for dual carbon goals (Gu et al., 2022; Song et al., 2023). Second, seawater trawl net was an active fishing method and a significant source of carbon emissions, so the proportion of seawater trawl net in fishing methods should be reduced (Devi et al., 2021; Atwood et al., 2024).




4.2.2 Spatiotemporal evolutions of carbon budget from the provincial perspective

Overall, from 2013 to 2020, carbon emissions from fisheries in four provinces (cities) were much higher than carbon sinks, and the carbon budget was in a carbon deficit state. From the net carbon emissions perspective, Shandong and Liaoning were the major net carbon emission provinces, playing important roles in both carbon sinks and emissions. Shandong contributed the most among the provinces (cities), accounting for more than 50% of the total amount. It is necessary to strengthen carbon reduction in Shandong’s fisheries. In recent years, Shandong has implemented policies aimed at supporting the development of fisheries, including supporting fishermen in reducing their fishing vessels and transitioning to other industries (Ministry of Agriculture and Rural Affairs of Shandong Province, 2021). The government also encourages a decrease in fishing intensity to protect marine resources. Additionally, subsidies are provided for the conservation of fishing resources to offshore fishing vessels that comply with regulations. As the second contribution, Liaoning accounted for more than 30%. In Liaoning Province, efforts have been made to enhance algae cultivation in tidal flats and shallow seas, as well as to establish a national marine ranch demonstration region, aiming to create a three-dimensional ecological aquaculture system and enhance the carbon sink potential of fisheries. Moreover, initiatives to promote energy conservation and carbon reduction are being advanced through the renovation and upgrade of fishing vessels and equipment (Ministry of Agriculture and Rural Affairs of Liaoning Province, 2024). Hebei and Tianjin account for approximately 10% and 2%, respectively.

From the province’s perspective, the carbon budget across different provinces (cities) showed distinct characteristics. Liaoning reached a peak in 2015 for both net carbon emissions and carbon emissions, while the carbon sinks reached its highest value in 2017. The 13th Five-Year Plan of Liaoning aims to control greenhouse gas emissions, including increasing carbon sinks in the ecosystem. Compared to 2015, the province aims to reduce its carbon dioxide emissions per unit of GDP by 18% by 2020, effectively controlling the total carbon emissions (People's Government of Liaoning Province, 2017). The changing trend of Hebei is similar to that of Liaoning. In response to the national notification on reducing greenhouse gas emissions during the 13th Five-Year Plan, Hebei has exceeded the mandatory target of a 20.5% decrease set by the government (Department of ecology and environment of Hebei Province, 2021). Tianjin reached its highest net carbon emissions in 2017, while carbon sinks and emissions reached their peak in 2016. In 2017, the fisheries in Tianjin focused on promoting structural reform of the supply side, accelerating the transformation and upgrading of the industry, and striving to improve the sustainability of fisheries (Tianjin Municipal Bureau of Fisheries, 2017). Shandong reached its highest net carbon emissions and carbon emissions in 2016, while carbon sinks reached their highest level in 2017. The main reason for this phenomenon is that from 2013 to 2016, the number and total power of trawl and gillnet fishing vessels in Shandong have been increasing, despite a decrease in their proportion among marine fishing operations (Shao et al., 2018). In 2016, Shandong implemented a fishing and aquaculture subsidy policy. This policy encouraged fishermen to reduce the number of vessels and move towards sustainable production and ecological restoration. As a result, the number and power of fishing vessels decreased, effectively controlling fishing intensity and leading to a gradual reduction in carbon emissions from fisheries since that year (Li et al., 2022). These policies aim to reduce coal consumption during fishing operations and enhance the carbon sink of fisheries. They played a crucial role in carbon reduction of the fisheries sector from 2016 to 2020.

There are two ways to reduce net carbon emissions of fisheries. On one hand, as an important source of carbon sinks, the proportion of shellfish (mainly clams, scallops, and oysters) and algae in the fishery should be increased within the capacity of aquaculture (Food and Agriculture Organization (FAO), 2020; Gu et al., 2022; Jia et al., 2023; Le et al., 2023; Luo et al., 2023; Li et al., 2023b; Chen et al., 2024). Additionally, by providing bilateral subsidies for fishermen and consumers, this will fully stimulate the public’s motivation to increase the level of carbon sinks within fisheries (Zheng and Yu, 2022; Zhang et al., 2023). On the other hand, fishing exhibits considerable carbon emissions within fisheries. Upgrading the fishing capacity per energy consumption unit and transforming it into a low-energy and high-efficiency fishing mode will promote carbon reduction (Liu et al., 2023; Xu et al., 2023). Meanwhile, the government should distribute the emission reduction tasks in provinces according to their development reality, with a focus on those provinces that have substantial carbon emissions (Li et al., 2024).





4.3 Suggestions

Therefore, we suggest promoting energy conservation and carbon reduction and developing a low-carbon economy in fisheries at the regional level.

(1) The current fisheries policy mainly focuses on general management and conservation measures. However, they often do not fully consider the specific environmental and ecological needs of different geographical regions. As an important sea area in northern China, the northern marine economic circle has a unique marine ecosystem, fisheries resources, and environmental pressures. Therefore, it is essential to develop a specific fishery carbon reduction policy for the region due to its unique characteristics. Meanwhile, the local governments of the four provinces (cities) should attend together to implement strategic initiatives appropriate to the entire region’s development policies. Additionally, a specialized committee should be set up to handle carbon emission issues in order to manage and coordinate the four provinces (cities) as a whole.

(2) It is imperative to focus on enhance the capacity of carbon sinks. Fishermen should enhance the species with high carbon sink abilities. By actively promoting the selection and breeding of high-quality species, vigorously introducing and promoting scientific farming models, and increasing the farming share of clams (shellfish farming), there could be more benefits in carbon sinks. Additionally, establishing a carbon sink fishery demonstration zone in the area and promoting eco-friendly aquaculture techniques and methods would be beneficial.

(3) Simultaneously, there is a need to reduce carbon emissions from the coal consumption of fishing vessels. It is essential to upgrade and renovate fishing vessels, while also reducing the intensity of fishing in the northern marine economic circle. Changing the traditional bottom trawling operation can help reduce fuel consumption and minimize ecological damage. More attention should be paid to provinces with high carbon emissions, such as Shandong and Liaoning, which still need to strengthen their reduction efforts in the fisheries industry.





5 Conclusion

The key findings drawn from this article are as follows:

	(1) This study demonstrated the carbon budget of fisheries within the northern marine economic circle based on modified methods of carbon assessment. The fisheries in the region served as carbon sources from 2013 to 2020. Net carbon emissions decreased by 6.261%, carbon sinks increased by 12.868%, and carbon emissions decreased by 2.724%. This indicates that the fisheries industry in this region has considerable potential for achieving carbon neutrality. In terms of proportion, the shellfish carbon sinks accounted for the highest proportion of the total carbon sinks, while the seawater trawl net accounted for the highest proportion of carbon emissions. Additionally, freshwater fisheries also made some contributions to carbon sinks and emissions.

	(2) From the perspective of the provinces, all provinces (cities) did not achieve the carbon neutrality by 2020. Shandong exhibited the most substantial carbon deficit in the entire region, surpassing all other provinces in the area. After entering the 13th Five-Year Plan, the net carbon emissions of all provinces (cities) have decreased. Only Liaoning showed a slight increasing trend in net carbon emissions throughout the period, with a decrease trend observed in the remaining three provinces (cities).

	(3) Net carbon emissions from fisheries showed a decreasing trend under different scenarios, with Scenario 3 having a significantly greater reduction rate than Scenarios 1 and 2. They decreased by 4% and 4.3% under Scenario 1, by 6% and 15% under Scenario 2, and by 19% under Scenario 3. Through scenario analysis, it was found that by increasing the proportion of clams and decreasing the utilization of seawater trawl net simultaneously, the net carbon emissions can be reduced.
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