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Strategy Research and Technology Transfer Promotion Center, Shenzhen, China

Blue Carbon is increasingly popular worldwide, and it also belongs to circular
economy field which would last a long period in academy. To further
understand the development and characteristics of Blue Carbon, this study
uses CiteSpace software to perform quantitative analysis on literature published
on Web of Science and Chinese CNKI database with the main topic of “Blue
Carbon.” The results show that: (1) Since 2009, increasing attention has been
paid to Blue Carbon research, among which the United States, Australia and
China are the leading countries. (2) Keywords such as “Blue Carbon,”
“mangrove,” “carbon sequestration” and “carbon neutrality” are the high-
frequency keywords appearing both in China and the World in recent years.
(3) Spartina alterniflora, soil organic carbon, livestock, trophic cascade,
biodiversity and seagrass ecosystem clustering are hot topics related to
international Blue Carbon research, while organic carbon, seagrass-
conservation, methodology, sustainable development, climate change,
carbon neutralization, coastal zone and carbon storage are hot topics
related to Chinese Blue Carbon research. In addition, based on the research
trends of Blue Carbon, this paper attempts to sort out the research framework
from three levels: core characteristics, theoretical basis and research methods,
respectively. Facing a series of challenges brought by climate change, Blue
Carbon research should strengthen the accurate estimations of Blue Carbon
sink and its market potential, and explore the reasonable market mechanism
and protection mechanism, to respond to realistic demands, solve major
concerns and promote new progress in Blue Carbon theory and practice.

Blue Carbon, frontier evolution, analysis framework, knowledge map, double carbon
goal, scientific measurement

1 Introduction

In recent years, the global average temperature has risen by 1.2°C. The harm of global
warming involves all aspects of human existence, from natural disasters to biological chain
breakage. In this context, the “Double Carbon” goal of carbon peak and carbon neutrality,
which was first put forward in China, has become the most important economical means for
many countries and regions to control the total greenhouse gas emissions. As a component
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of global climate change adaptation and mitigation strategy, Blue
Carbon has become a new field of carbon sink, which is increasingly
popular in China.

In 2009, the definition of “Blue Carbon” was first proposed in “Blue
Carbon: Carbon Sequestration in a Healthy Ocean——Rapid Response
Assessment Report,” that is, carbon could be captured by marine
activities and marine organisms (Nellemann et al, 2009). As the
planet’s largest active reservoir, the oceans store 93 percent of the
planet’s carbon dioxide. Compared with terrestrial carbon sequestration
system, marine carbon sequestration system has a higher return on
investments in economic and ecological aspects. Coastal ecosystems
covered by vegetation, especially carbon sequestered by mangroves,
seagrass beds and salt marshes, play an important role in regulating
climate and mitigating global warming (Mcleod et al,, 2011). Since the
United Nations put forward the concept of “Blue Carbon” in 2009 and
pointed out its important role in carbon capture, all countries have
accelerated the research on Blue Carbon.

In this study, we would set China as the most important sample to
conduct analysis and comparison with other countries. China is one of the
few countries with three coastal Blue Carbon ecosystems: mangrove forest,
salt marsh and seagrass bed. Therefore, Chinese research on Blue Carbon
presents more practical values. However, the current research results of
Chinese scholars on carbon sinks mainly focus on forest carbon sinks, and
the research attention on ocean carbon sinks (also known as Blue Carbon)
needs to be improved. On the one hand, compared with the development
trend of quantity and quality of Blue Carbon research abroad, the sorting
of Blue Carbon theory in China lags behind. On the other hand, at present
China faces a series of challenges, such as ecosystem resource degradation,
unclear Blue Carbon resource reserves, carbon sequestration capacity and
sink increase potential, and imperfect laws and regulations, which require
the guidance of Blue Carbon theory. Overall, Chinese research could give
practical implications to more areas.

As some countries including China nearly enter the stage of
“carbon neutrality,” it is urgent to clarify the domestic and
international Blue Carbon research context, grasp the latest research
hotspots, and discover the research cooperation network to provide
theoretical guidance for the development of Blue Carbon. Therefore, in
this paper, CiteSpace 5.8. R3 software was used, and literature in Web of
Science and CNKI of China were used as sources. By drawing visual
knowledge maps, the Blue Carbon research was summarized by
combining econometric reviews (review width) and systematic
reviews (review depth). Firstly, the author, institution, country or
region distribution of Blue Carbon research was analyzed. Secondly,
the keywords co-occurrence map and area map of Blue Carbon research
were drawn to summarize the hot spots and trends in this field and
identify important topics in Blue Carbon research. Thirdly, the overall
theoretical framework of Blue Carbon research was established by
sorting and analyzing the core characteristics, the theoretical basis,
the protection and restoration, and the research methods of Blue
Carbon. Finally, the future research of Blue Carbon is prospected.

2 Research design
2.1 Data sources

This paper focuses on analyzing the evolution process and
structure of Blue Carbon research, and the research samples

Frontiers in Environmental Science

10.3389/fenvs.2024.1387655

include literature published by Web of Science and Chinese
CNKI. Firstly, the Web of Science database was selected and the
theme was set as “Blue Carbon.” A total of 962 literature data were
retrieved in unlimited time, and the data retrieval time was
2 October 2021. To reflect the integrity, representativeness and
academicality of data, irrelevant literature and data such as
conference abstracts, letters, data papers, books, news and
revisions were removed, and a total of 865 valid literature and
data were obtained from 2011 to 2021. Second, the CNKI database of
China was selected and the subject was set as “Blue Carbon.” A total
of 164 literature were retrieved in unlimited time, and the data
retrieval time was 2 October 2021. To reflect the integrity,
representativeness and academicality, irrelevant literature was
removed. And data of162 valid literature was obtained from
2009 to 2021.

2.2 Methods

This paper adopts the method of bibliometrics and literature
review. Firstly, the basic characteristics of Blue Carbon research,
such as annual publications, research institutions, authors and
countries/regions, were analyzed to discuss the basic trends of
Blue Carbon research. Secondly, keyword clustering, keyword co-
occurrence and keywords with the strongest citation bursts were
carried out to explore the mainstream subdivision fields, research
hotspots and frontiers of Blue Carbon. In this paper, CiteSpace
software was used for visual analysis of data to show knowledge
structure, composition and distribution in Blue Carbon field, and to
discuss knowledge development process (Li et al., 2018), research
hotspots and frontiers in Blue Carbon field (Chen et al., 2015).

3 Analysis of basic characteristics of
Blue Carbon research literature

3.1 Analysis of time characteristics and
publications

The annual distribution of Blue Carbon research papers in
international and domestic journals is shown in Figure 1. It can
be seen from Figure 1 that, from 2009 to 2011, rare Blue Carbon
studies were published in international journals. The first paper was
published in 2011, and only 3 papers were published in 2011. Since
2015, there have been more than 60 articles every year. Especially in
recent years (2018-2021), there are more than one hundred of
relevant studies every year, and the number of them reached a record
high of 205 in 2020. The rise of Blue Carbon research in
international journals is closely related to the policies and
scientific research of national organizations such as Conservation
International (CI), the International Union of Nature (IUCN), the
Intergovernmental Oceanographic Commission (IOC) and the
United Nations Educational, Scientific and Cultural Organization
(UNESCO) that are committed to promoting Blue Carbon
worldwide. Secondly, the first paper of Blue Carbon research in
China was published in 2009. No relevant literature was published in
2010 and 2011; The number of papers published from 2012 to
2014 was in single digits, and after 2015, more than 10 papers were
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FIGURE 1

Annual distribution of Blue Carbon in international and domestic journals.

TABLE 1 TOP10 Blue Carbon research institutions.

International journals

Research institutions

Publications

Domestic journals

Research institutions Publications

1 Deakin Univ 59 Guangxi Academy of Sciences 40
2 Edith Cowan Univ 57 Ministry of Natural Resources 37
3 Univ Queensland 52 Xiamen University 28
4 Univ Western Australia 42 Beijing Normal University 18
5 Chinese Acad Sci 40 Sun Yat-sen University 13
6 Southern Cross Univ 35 Ocean University of China 16
7 Griffith Univ 31 National Marine Information Center 16
8 CSIC 30 Hainan University 16
9 Natl Univ Singapore 29 State Oceanic Administration of China 13
10 Univ Technol Sydney 29 Shanghai Institute of Geological Survey 13

published. In 2021, 39 articles were published as of the search date.
Therefore, domestic and foreign attentions to Blue Carbon research
are both increasing, and the number of papers is expected to increase
further. This is closely related to the realistic background of Chinese
carbon neutrality strategy.

3.2 Analysis of research institutions

The top 10 research institutions in the number of Blue Carbon
research achievements published in international and domestic
journals are shown in Table 1. Among them, the top 10 research
institutions in international journals are Deakin Univ (59), Edith
Cowan Univ (57), Univ Queensland (52), Chinese Acad Sci (40),
Southern Cross Univ (35), Griffith Univ (31), CSIC (30), Natl Univ
Singapore (29), Univ Technol Sydney (29). The most published
institutions are still developed countries in Europe and the

United States. However, the number of Chinese Acad Sci
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(Chinese Academy of Sciences) published in China has risen to
the fourth in the world, occupying a place in Blue Carbon research.

The top 10 research institutions in domestic journals are
Guangxi Academy of Sciences (40), Ministry of Natural
Resources (37), Xiamen University (28),
University (18), Sun Yat-sen University (13), Ocean University of
China (16), National Marine Information Center (16), Hainan
University (16), State Oceanic Administration of China (13),
Shanghai Institute of Geological Survey (13). At present, ocean-

Beijing Normal

related research institutes and government departments are the
main body of Blue Carbon research in China. From the
geographical education
institutions in coastal areas are the main positions of Blue
Carbon While
universities, Xiamen University, Beijing Normal
University and Sun Yat-sen University have also produced many

location, scientific research and

research in  China. some comprehensive

such as

research results. However, it is worth noting that the Blue Carbon
research achievements of non-key scientific research and education
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Cooperative authors network map of Blue Carbon in international journals.

institutions need to be further increased, especially the newly-
established double first-class universities related to the sea, which
should increase the amount of Blue Carbon academic output.

3.3 Analysis of authors

Author co-occurrence analysis can identify the cooperation and
cross-citation relationship between the core authors and researchers
in a research field (Hu et al., 2013). The cooperation network of Blue
Carbon research authors in international and domestic journals is
shown in Figures 2, 3. The node size represents the number of
articles, the line between nodes represents the existence of
cooperative relationship between authors, and the thickness of
the line represents the strength of cooperation between authors.

The cooperative authors network of Blue Carbon research in
international journals from 2011 to 2021 is shown in Figure 2. High-
yielding authors (in order of publications) form a relatively close
cooperative relationship, and the top 10 authors in publications
include CARLOS M DUARTE (38), CATHERINE E LOVELOCK
(34), OSCAR SERRANO (33), PETER I MACREADIE (27),
DANIEL A FRIESS (26), CHRISTIAN ] SANDERS (20), PAUL S
LAVERY (16), DAMIEN T MAHER (15), ISAAC R SANTOS (14),
It that there
cooperative relationship among high-producing authors

etc. can be seen is a relatively close
in
international journals.

As for the cooperative authors network of Blue Carbon research

in Chinese journals, the top 10 authors in terms of number of
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publications include Zhao Peng (33), Qiu Guanglong (27), Fan
Hangqing (27), Zhong Yunxu (26), Su Zhinan (26), He Qinfei
(15), He Feng (15), Liu Xiu (15), Liu Chang (13) and Zhou Jun
(13). Compared with the cooperative authors network of Blue
Carbon research in international journals, the links in Chinese
journals are not very close, whose the overall and relatively
centralized cooperative network relationship has not been formed
now. The research on Blue Carbon in China is still in the initial stage,
which needs to be further expanded.

3.4 Analysis of country or region

The number of publications could reflect the research level and
contribution of different countries or regions in Blue Carbon.
Figure 3 shows the national or regional network map of Blue
Carbon research. The United States, with 294 papers, is the
strongest country. Australia (260), China (134), Spain (89),
England (85), Germany (49), Saudi Arabia (49), Indonesia (47),
Brazil (47), Japan (47), Canada (41), France (35), Denmark (33),
Singapore (33), Scotland (33), Malaysia (30) and other countries or
regions have also made great contributions to Blue Carbon research.
Most countries or regions with more than 30 papers usually have
unique natural conditions for developing Blue Carbon, promoting
the research on Blue Carbon in these countries or regions. In
addition, China ranked third in the number of publications,
indicating that China plays an important role in Blue Carbon
research. However, in terms of amount, there is still a certain
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FIGURE 3
National/regional network map of Blue Carbon in international journals.

gap——Iless than half of the amount of the United States and about
half of Australia.

3.5 Analysis of highly cited references

Cited references can reflect the overall knowledge base of the
field, and highly cited references are regarded as the classic of the
field. Cluster analysis reveals the knowledge structure of a certain
field and reflects important scholars and classical literature. The co-
citation analysis results of Blue Carbon research in international
journals are shown in Figure 4. Each node represents a citation, the
size of the node is proportional to its co-citation frequency, and the
link between nodes means that they are co-cited. Overall, the top
10 highly cited literature explores Blue Carbon conservation and
restoration, and measures Blue Carbon and its effect.

4 Results and analysis

4.1 Results and analysis of Blue Carbon
research in international journals

4.1.1 Identification of theme

Keywords are a high generalization of the topic of literature.
Keywords with high frequency usually indicate that more research
has been carried out through this keyword, which is more important
and is used to determine the hot spot in a research field. To
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understand the hot spots of Blue Carbon international research
from 2011 to 2021, the sorted 865 literature records were imported
into CiteSpace software. The network node was selected as
“Keyword,” and appropriate thresholds were set. There were
52 keywords with frequency greater than 20 (as shown in Table 2).

Firstly, in terms of the top 10 keywords, “Blue Carbon” topped
the list 273 times. The second most frequent occurrence is “forest,”
which can be seen as a specific component of Blue Carbon. In
particular, mangrove forests provide a wide range of ecosystem
services. Mangrove forests are known for their extraordinary carbon
storage capacity, playing an important role in climate change
mitigation. Moreover, organic carbon, sediment and other key
elements should also belong to this concept. Secondly, storage
and sequestration of Blue Carbon are also the focus of scholars.
The Blue Carbon ecosystem and its dynamics are also of interest to
scholars. In addition, Climate change is also a high-frequency
keyword of Blue Carbon in international journals.

To better explain and analyze the academic significance of
keywords transmitted in the above international journals, the key
points were extracted by LLR algorithm of CiteSpace. Based on this,
a cluster map of high-frequency keywords was generated, forming
16 knowledge clusters (Figure 5). They are Spartina Alterniflora, Soil
organic carbon, Matter, Livestock, Trophic cascade, Biodiversity,
Seagrass ecosystem, Arabian Gulf, Posidonia Oceanica, Sentinel,
GIS, Salt marshes, Rehabilitation, Stable isotopes, Brown algae, etc.,
Modularity = 0.7746 > 0.3, Mean Silhouette = 0.9044 > 0.5,
indicating good clustering and a clear silhouette. Seagrass
ecosystem, salt marshes and brown algae are the specific
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Co-citation network of Blue Carbon in international journals.

components of Blue Carbon. Arabian qulf and Posidonia oceanica
are the most frequently studied objects of Blue Carbon. Spartina
Alterniflora and Rehabilitation are currently hot spots in Blue
Carbon research.

4.1.2 Evolution of theme

After more than 10 years of practice and development, the
research content of Blue Carbon in international journals has
been enriched and expanded. The time-zone diagram for
keyword co-occurrence analysis is shown in Figure 6. To further
explore the evolution of topics in international journals, the nodes in
the same period were collected in the same time zone and arranged
in order from far to near. From the perspective of the main line,
high-frequency keywords mainly appeared from 2011 to 2016,
during which the newly emerged keywords occupied the majority
of all keywords. From the perspective of newly emerged keywords in
recent years, globally significant (2017) and global pattern (2018)
confirm that international scholars gradually call for strengthening
global cooperation and enhancing the attention of Blue Carbon in
the global carbon sink system.

4.1.3 Frontier analysis

Citation Burst analysis is one of the most important tools in
literature content mining, reflecting active or cutting-edge research
nodes. This paper uses “Burst” to predict Blue Carbon research
frontier and direction. The top 9 keywords with the strongest
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citation bursts in Blue Carbon research in international journals
are shown in Figure 7.

In terms of burst intensity, “Productivity” had the highest burst
intensity at 4.29. This term reflects that the important development
of Blue Carbon research is to explore the productivity of Blue
Carbon, which has become a relatively influential research
frontier. At the same time, the burst intensity of Conservation,
Respiration and CO, was 3.55, 3.15, and 2.82, respectively, which
were important frontiers of Blue Carbon.

In terms of burst time, “CO,” is the theme word with the earliest
appearance (2011) and the longest duration (5 years), which has
become a frontier issue of continuous research. “Conservation” first
appeared in 2012 and lasted for 3 years; “Productivity” first appeared
in 2014 and lasts 4 years; “Bed” and “Flow” first appeared in
2015 and lasted for 3 years. They are also frontier studies in the
field of Blue Carbon. At the same time, from the keywords with the
(2019-2021),
“Respiration” is the research frontier in the field of Blue Carbon.

strongest citation bursts in recent 3 years

4.2 Results and analysis of Blue Carbon
research in domestic journals

4.2.1 Identification of theme

To understand the domestic research hotspots of Blue Carbon
from 2009 to 2021, 162 pieces of literature were imported into
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TABLE 2 High frequency keywords of Blue Carbon in international journals.

10.3389/fenvs.2024.1387655

Keywords Frequency Centrality Rank Keywords Frequency Centrality
1 Blue Carbon 273 0.00 27 Management 46 0.05
2 Forest 162 0.08 28 Posidonia oceanica 42 0.25
3 Sequestration 138 0.03 29 Estuary 42 0.07
4 Storage 129 0.00 30 Decomposition 40 0.06
5 Ecosystem 116 0.10 31 Ecosystem service 40 0.00
6 Dynamics 115 0.16 32 Matter 39 0.00
7 Climate change 115 0.06 33 Carbon 38 0.02
8 Organic carbon 111 0.05 34 Variability 37 0.01
9 Sediment 94 0.02 35 Productivity 35 0.03
10 Mangrove forest 92 0.10 36 Habitat 35 0.04
11 Organic matter 86 0.02 37 Bay 34 0.02
12 bioma 84 0.04 38 Restoration 33 0.04
13 Salt marsh 71 0.00 39 Spartina alterniflora 32 0.07
14 Accumulation 67 0.01 40 Ground bioma 32 0.01
15 Impact 66 0.05 41 CO, 32 0.25
16 Sea level rise 63 0.00 42 Pattern 28 0.01
17 Marine 63 0.04 43 Water 27 0.04
18 Vegetation 57 0.15 44 Marine sediment 27 0.01
19 Conservation 56 0.05 45 Coastal wetland 27 0.00
20 Coastal 55 0.00 46 Seagra 26 0.02
21 Wetland 54 0.01 47 Coastal habitat 24 0.01
22 Soil 53 0.06 48 Flux 24 0.10
23 Emission 52 0.06 49 Response 22 0.04
24 Growth 47 0.32 50 Deforestation 22 0.05
25 Community 47 0.00 51 Rate 22 0.05
26 Nitrogen 47 0.04 52 Salinity 21 0.00

CiteSpace. The network nodes selected “Keyword,” and appropriate
thresholds are set. There were 40 keywords with frequency greater
than 3 in total (as shown in Table 3). “Mangrove” is an important
ecosystem of marine Blue Carbon sink, and its carbon pool includes
vegetation biomass and soil carbon pool. “Blue Carbon” came in
second with 45. Blue Carbon sink systems such as seagrass beds,
coastal wetlands and coastal zones were also in the top 10.

The centrality represents the status of the keyword in the field,
and the higher the value is, the more important it is. The centrality of
coastal wetland was 0.40, ranking first among all the keywords. Salt
marsh appeared only 11 times, but its centrality ranked second, with
0.38. In addition, seagrass appeared 3 times, with 0.37. Then
mangrove forests (centrality = 0.36), organic carbon (centrality =
0.26), seagrass beds (centrality = 0.25), etc.

To better explain and analyze the academic significance of Blue
Carbon research keywords transmitted from Chinese journals, the
LLR, algorithm of CiteSpace was used to extract keywords and
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generate high-frequency keyword clustering map. Nine knowledge
clusters were formed (Figure 8), including organic carbon, seagrass
conservation, methodology, sustainable development, climate
change, carbon neutrality, coastal zone, carbon storage, etc.
Modularity = 0.8461 > 0.3, Mean Silhouette = 0.9578 > 0.5,
indicating that the keyword clustering is in good condition and
has a clear outline.

4.2.2 Evolution of theme

Co-occurrence analysis of keywords in Blue Carbon research in
domestic journals was conducted through CiteSpace to generate
time-zone map. The map sets the keywords that appear for the first
time at the same time in the same time-zone in order from far to near
(Chen, 2017). It can be seen that keywords with high frequency
(large node size) are mainly concentrated in the time zone of 2009.
As the central theme, the nodes of “mangrove,” “Blue Carbon” and
“carbon neutrality” are the largest, and they have intensive links with
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FIGURE 5
Keywords clustering map of Blue Carbon in international journals.
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Top 9 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 2011 - 2021
co2 2011 2.82 2011 2014
conservation 2011 3.55 2012 2014
productivity 2011 4.20 2014 2017
bed 2011 2.6 2015 2017
flow 2011 2.5 2015 2017
world 2011 2,53 2016 2017
gradient 2011 2,53 2016 2017
terrestrial - 2011 2.64 2017 2019
respiration 2011 3.15 2019 2021
FIGURE 7
Top 9 keywords with the strongest citation bursts of Blue Carbon in international journals.
TABLE 3 High frequency keywords of Blue Carbon in domestic journals.
Rank Keywords Frequency  Centrality  Rank Keywords Frequency  Centrality
1 Mangrove 93 0.36 21 Climate change 9 0.24
2 Blue Carbon 45 0.22 22 Greenhouse gas 9 0.01
3 Carbon neutrality 44 0.17 23 Organic carbon 8 0.26
4 Seagrass bed 37 0.25 24 Pasture 8 0.00
5 Carbon stocks 25 0.12 25 Beach 8 0.00
6 Coastal wetlands 23 0.40 26 Ecological collection 7 0.00
7 Coastal zone 18 0.12 27 Carbon flux 7 0.06
8 Protection and restoration 14 0.06 28 Ocean carbon sink 6 0.11
9 Methodology 14 0.17 29 BeiZao breeding 5 0.00
10 Human disturbance 13 0.10 30 Land-sea integration 5 0.14
11 Shanghai 13 0.00 31 Carbon accounting 5 0.14
12 abandoned fish and shrimp ponds 13 0.00 32 Spartina alterniflora 4 0.08
13 Geological work 13 0.00 33 Biomass 4 0.11
14 season 13 0.00 34 Carbon market 4 0.03
15 Guangxi 13 0.00 35 Carbon peak 3 0.00
16 Salt marshes 11 0.38 36 Natural coastline 3 0.00
17 Air-sea flux 11 0.00 37 Affecting factors 3 0.02
18 Marine environment 11 0.00 38 Fujian 3 0.00
19 Ecological restoration 10 0.15 39 Carbon sequestration 3 0.05
20 Seaweed protection 9 0.00 40 Seagrass 3 0.37
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FIGURE 8

Keywords clustering map of Blue Carbon in domestic journals. Note: the map is automatically generated by importing Citespace from CNKI
database. To better reflect the original state of the data, it is displayed both in Chinese and English characters.

other keywords, indicating that the research on Blue Carbon in
China CNKI database has been inherited since 2009. From the
perspective of the evolution of theme in China, although there were
many research topics in 2009, the most core themes were Blue

» o«

Carbon subsystems such as “seagrass bed,” “mangrove,” “coastal
wetland,” “salt marsh,” and other realistic backgrounds such as
“carbon neutrality.” These mainly focused on the conceptual and
policy. In 2012, the focus was on “organic carbon;” In 2013,

» <«

“Eelgrass,” “Chiu-lung River Estuary” and other specific objects
began to appear. In 2014, the emergence of “World First,” “China
Blue,” “Land-sea integration” and others showed that the focus of
Blue Carbon in China has shifted from simply focusing on marine
regions to land-sea integration, and also began to pay attention to
China’s position in the world’s Blue Carbon resources and research.
In 2015, it began to focus on nitrogen research. From 2017 to 2018, it
began to pay attention to the impact of environmental pollution on
Blue Carbon. In 2019, the main focus was on the construction of

marine pastures.

5 Analysis framework for Blue
Carbon research

This paper constructed an overall analysis framework for Blue
Carbon research based on the above analysis. As shown in Figure 9,
the theoretical framework of Blue Carbon consists of three modules:
core characteristics, theoretical basis and research methods.
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5.1 Core characteristics of Blue Carbon

5.1.1 Definition, distribution and classification
5.1.1.1 Definition

Blue Carbon is a process, activity and mechanism that uses
marine activities and organisms to absorb carbon dioxide from the
atmosphere, fix and store it in the ocean. In a broad sense, coastal
Blue Carbon refers to the part of carbon that higher plants in the
coastal zone, such as salt marsh wetlands, mangroves and seagrass
beds, as well as phytoplankton, algae and shellfish, absorb CO, from
the atmosphere and store it in the sediment of the coastal zone for a
long time under the joint action of their growth and
microorganisms. Furthermore, part of the organic carbon
exported from coastal zone to offshore and ocean (Tang et al,
2018). In a narrow sense, Blue Carbon refers to carbon stored in the
soils of mangroves, intertidal salt marshes and seagrass beds,
aboveground living biomass (roots) and non-living biomass (such
as litter and deadwood). This part of Carbon is also called Coastal
Blue Carbon (Nellemann et al., 2009; Mcleod et al., 2011).

5.1.1.2 Distribution

In terms of geographical location, Blue Carbon is mainly
distributed along the coastlines of countries or regions. The
distribution of Blue Carbon in China is mainly from the mouth
of the Yalu River in the north to the mouth of the Beilun River in the
south, passing through Liaoning, Hebei, Tianjin, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, Hainan and other
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Analysis framework for Blue Carbon research.

11 provinces (autonomous regions, municipalities directly under the
Central Government). According to wetland types, mangroves are
mainly distributed in subtropical and tropical coastal areas in the
south. Coastal salt marshes are distributed in temperate to
subtropical seas; Seagrass beds

temperate to tropical seas.

are mainly distributed in

5.1.1.3 Type

Coastal Blue Carbon is an important part of marine carbon sink,
and the carbon dioxide (CO,) is fixed by vegetation in coastal
wetland but very
important), salt marsh (main) and seagrass bed is the main body

ecosystem such as mangroves (small
of coastal Blue Carbon ecosystem. They maintain the highest carbon
sequestration per unit area of any natural system (Rogers et al,
2019). In addition, macroalgae (Ortega et al., 2019; Watanabe et al.,
20205 Pedersen et al,, 2021), shellfish (Lee et al., 2020) and even
micro-organisms (Trevathan-Tackett et al, 2018) can also fix and

store carbon efficiently, which are components of Blue Carbon.

5.1.2 Functions of Blue Carbon
Blue Carbon has important ecological service functions,
including fish and wildlife habitat, coastal erosion and flood

prevention, food resources, water puriﬁcation, carbon
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sequestration and storage. Blue Carbon has high ecological and
economic development value. Among them, mangroves are special
wetland forests growing in the intertidal zone of tropical and
subtropical regions, which play an important role in windbreak
and field retention, promoting silt deposition, resisting natural
disasters such as tsunami and typhoon, and protecting coastlines
(Zhang et al., 2013).

However, the main function of Blue Carbon is carbon
sequestration and carbon sink. Carbon sequestration refers to
measures to increase the carbon content of carbon pools other
than the atmosphere. Coastal Blue Carbon ecosystem has efficient
carbon sequestration capacity, potentially mitigating the increase of
atmospheric CO, concentration (Zhou et al., 2016). Although the
area of mangroves is relatively small, their carbon sequestration
capacity per unit area is very strong. Mangroves are tropical
ecosystems with high carbon sequestration capacity and high
light efficiency, and are important “Blue Carbon” carbon pools.
Mangrove organic carbon storage and dynamics have an important
impact on global carbon balance (Ray et al., 2011; Zhu et al., 2012;
Zhao et al., 2013). In addition, macroalgae may also be an important
source of carbon sequestration in marine sediments and deep oceans
(Krause-Jensen and Duarte, 2016; Ortega et al., 2019). Carbon sink
refers to the unstable state of carbon balance in an ecosystem, in
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which the carbon input (the sum of plant productivity and external
input carbon) is greater than the carbon output (carbon consumed
by respiration and external output carbon), namely the state of
carbon accumulation. Mangrove is an important carbon sink
ecosystem because of its high plant productivity and soil carbon
sequestration rate. Therefore, the protection and restoration of
mangroves has also become an important means of addressing
climate change in the marine field (Zhang et al, 2013; Chen
et al., 2021).

5.2 Theoretical basis of Blue Carbon
research: schools and issues

5.2.1 Calculation of carbon storage

Studies have estimated the carbon storage. For example, Li et al.
(2019) conducted methodological analysis on measuring carbon
sinks in mangrove, seagrasses bed and salt marsh based on the
recommended methods of carbon sink measurement given by IPCC
(Intergovernmental Panel on Climate Change) and clean energy
mechanism measurement standards. Phang et al. (2015) evaluated
the ecosystem carbon storage of mangroves, seagrass meadows, tidal
flats and sandbanks in tropical intertidal zone based on field
carbon storage.

Furthermore, most existing scholars are committed to
measuring the total amount of carbon stored by mangroves.
Currently, the research methods of carbon storage and carbon
sink capacity of mangrove wetlands are based on measured
methods, including conversion based on biomass (Donato et al.,
2011; Peng et al,, 2016), soil sampling (Xin et al., 2014), allometric
equations (Bulmer et al, 2016), remote sensing inversion
2011),
laboratory determination combined (Li et al., 2014; He et al,
2017), UAV imagery (Jones et al, 2020), LiDAR (Salum
et al., 2020), etc.

Seagrass provides many valuable ecosystem services and

(Heumann, model simulation, field analysis and

requires accurate mapping of existing meadows and biomass. For
example, Ha et al. (2021) detected and quantified aboveground
biomass of seagrass using radar and optical satellite imagery,
combined with advanced machine learning and meta-heuristic
optimization techniques. Monnier et al. (2021) applied high-
resolution seismic reflection technology to estimate the carbon
sink of seagrass meadow.

Salt marshes are of unique importance in coastal ecosystems.
Van de Broek and Govers (2019) used mid-infrared spectroscopy
combined with soil remote sensing to predict the concentration and
storage of organic carbon in sediments of tidal marshes. Owers et al.
(2020) quantified the change of near-surface carbon storage in salt
stratified identify
vegetation structure.

marshes  using sampling method to

Macroalgal communities as donors may contribute ecologically
to global Blue Carbon sequestration. However, as the fate of isolated
macroalgal biomass remains unclear, some researchers have
attempted to quantify the total amount of carbon stored by
Hill (2015)

distribution,  abundance

macroalgae. For example, et al used carbon

sequestration,  macroalgae and
productivity to estimate the total amount of carbon stored by

macroalgae.
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5.2.2 Influencing factors
5.2.2.1 Natural factors

(1) Climate. Climate warming and precipitation changes will
have a dynamic impact on salt marsh plants and nutrients
(Charles and Dukes, 2009). Continued warming will reduce
the amount of carbon absorbed and transported by kelp
forests, with potential consequences for the coastal carbon
cycle (Pessarrodona et al., 2018). Marine heatwaves have
caused significant losses of seagrass carbon stocks, the
largest in the world (Arias-Ortiz et al., 2018). Sea level rise
accelerates coastal zone erosion (Zhou et al,, 2016). Sanders
et al. (2016) pointed out that the increase of rainfall might
increase the carbon storage of mangroves.
Geography. Soil texture, dominant species of mangrove and
biological invasions significantly affect soil organic carbon
content and distribution pattern of mangrove in tropical and
subtropical China (Gao et al,, 2019). The carbon storage of
tropical mangroves is larger than that of subtropical and
temperate regions (Sanders et al., 2016).
(3) Time. The carbon storage of mangrove communities tended
to increase continuously with the increase of tree age (Gao
et al, 2017; Cadiz et al,, 2020); There are differences in
greenhouse gas emission fluxes in mangrove ecological
restoration areas with different forest ages (Li et al., 2020).
Tides play an important role in maintaining the carbon sink
intensity of salt marsh ecosystems, and their effects on carbon
exchange will vary with time scales (Wei et al., 2020a).
Creatures. Chemical bonding of soil organic carbon may be
the main protective mechanism of soil organic carbon
stability in mangrove wetlands, which is significant to
mangrove carbon sink function (Chen et 2017).
Spartina alterniflora invasion changes the soil organic

al.,

carbon pool and weakens the stability of soil organic
carbon to a certain extent. Invasive species such as
Spartina alterniflora threaten the coastal ecosystem of
China, resulting in the disappearance of a large number of
mangroves. Although some scholars have studied the effects
of spartina alterniflora on Blue Carbon (Feng et al., 2015;
2016; Gao et al., 2019; Su et al., 2020; Zhang et al., 2021), the
contribution and influencing mechanism of Spartina
alterniflora invasion and abnormal growth of algae to soil
carbon pool are not clear.

In addition to the complexity of aboveground forms, the
productivity of underground biomass is an important factor
affecting organic carbon storage of seagrass grasslands (Tanaya
et al, 2018). Sedimentary factors are the key factors for
predicting carbon storage in salt marshes (Kelleway et al., 2016).
Dahl et al. (2016) believed that sediment properties were an
important factor in carbon sink management evaluation of high-
priority areas. Low carbon storage of meadow may directly result
from sediment disturbance (Rozaimi et al., 2017).

5.2.2.2 Human factors
Due to the lack of protection, marine carbon stocks are

vulnerable to human interference, leading to carbon

remineralization into carbon dioxide, further exacerbating climate
change. For example, the compaction of seawalls (Fan and Wang,
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2017); Aquaculture pollution (Gao et al, 2019); Eutrophication
(Jiang et al., 2018; Herbeck et al., 2021; Mozdzer et al., 2021);
Clam fishing not only erodes historical carbon stocks that have
accumulated over decades, but also endangers potential carbon
stocks (Baranano et al., 2017); Reclamation of land from the sea
(Weston et al,, 2014); Land reclamation is the most important
driving factor of salt marsh loss (Gu et al, 2018). Urbanization
(Friess et al, 2016); Submarine Groundwater Discharge (SGD)
(Wang et al, 2020); Ocean acidification will affect seagrass
carbon sequestration capacity and integration in the future.
Garrard and Beaumont (2014) emphasized that sustainable
of
degradation and loss of carbon sequestration capacity of seagrass.

management seagrass is crucial to avoid continuous
Human disturbance changes the structure and function of the
ecosystem and limits the carbon sequestration function of the

ecosystem (Chen et al,, 2021).

5.2.3 Protection and restoration of Blue Carbon

Scholars are devoted to the protection and restoration of Blue
Carbon. Mangrove conservation should be a high priority
component of climate change mitigation strategies (Murdiyarso
et al, 2015). In order to reduce losses, rehabilitation is the top
priority of protection work (Duncan et al, 2016). Restoration
Projects can sequester large amounts of additional carbon and
reduce emissions. At present, the conservation and restoration
measures discussed mainly include policy and legislation,
restoration of abandoned ponds, positive interaction between
species and payment mechanism of ecosystem services.

5.2.3.1 Policy and legislation

Rogers et al. (2016) argues that there is an urgent need to
properly value ecosystem services and explicitly recognize them in
policy and legislation. Friess et al. (2016) argued that many drivers of
mangrove loss operate on a large scale and that policy intervention is
the most effective way to solve these problems. Sidik et al. (2018)
pointed to the need for legal frameworks and the involvement of
stakeholders, particularly local communities, to protect mangroves
and mitigate climate change. In addition, Thompson (2018)
critically assessed mangrove restoration policies and initiatives
from the perspective of political ecology, focusing on institutional
arrangements and power dynamics. In order to solve the problems
of coral degradation and ocean acidification, Mcleod et al. (2011)
discussed how to modify the existing design principles of marine
protected areas.

5.2.3.2 Mechanisms of payment for ecosystem services
Payment for ecosystem services (PES) schemes offer a viable
approach to large-scale wetland restoration, using economic means
and avoiding artificial overdevelopment. Jakovac et al. (2020)
and the
sustainable

believes that the valuation of common benefits

combination of carbon-based mechanisms and
management may be feasible. Muenzel and Martino (2018)
assessed the feasibility of carbon payments and ecosystem
services payments to reduce livestock grazing pressure in salt
marsh areas. Canning et al. (2021) recommends that wetland-
based PES programs use common asset trusts to construct
wetland landscape portfolios to restore wetland values and

global services.
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5.2.3.3 Positive interactions between species

Although positive interspecies interactions play a crucial role in
coastal wetland regeneration, only a small number of wetland and
mangrove restoration studies have examined their role. For example,
Renzi et al. (2019) utilized species interactions, such as trophic
facilitation, stress reduction and associational defenses, to facilitate
coastal wetland biological reconstruction and promote coastal
wetland restoration.

5.2.3.4 Abandoned pond reversion

Fan et al. (2021) explored the ecological co-cultivation of tidal
water in the restoration of mangroves in abandoned shrimp ponds.
Duncan et al. (2016) points out that due to the large area and suitable
site conditions, the targeted restoration of abandoned fish ponds
into former mangroves will strengthen ecological environment
protection in coastal areas.

5.2.3.5 Community engagement

Gu et al. (2018) pointed out that the restoration, protection and
management of salt marshes can be further enhanced by
strengthening the participation of local communities. Ranjan
(2019) believes that
mangrove forests, gain multiple environmental benefits, and help

community participation can restore
local communities generate income through ecosystem services to
increase livelihoods.

5.2.4 Development and trading of Blue
Carbon projects

In recent years, Blue Carbon has been involved in carbon
trading, finance and other fields, driving the protection and
development of Blue Carbon ecosystem through economic
leverage. The topic of Blue Carbon sink has been expanded from
scientific research to the global economy.

Although Blue Carbon is beginning to be incorporated into the
carbon market, it is still a relatively new concept. Blue Carbon
research is not enough to understand the research methodology and
development process, resulting in the development of Blue Carbon
sink project constrained (Chen S. Y. et al., 2021). In order to make
Blue Carbon mechanism play a reasonable role, the international
mainstream approach is to moderately include Blue Carbon into the
international carbon trading market. In 2011, the Blueprint for
Sustainable Development of Oceans and Coastal Zones set out the
goal of protecting marine ecosystems and establishing a global Blue
Carbon market. The report aims to increase carbon sinks by
protecting and restoring coastal wetlands for use in trade. At
present, there are two types of carbon trading markets:
compliance markets and voluntary markets. Compliance markets
deal with mandatory emission reductions under regulations. It is
driven by the need of regulated greenhouse gas emitters for quotas
and offsets (Sapkota and White, 2020). In voluntary markets,
compensation prices are mainly determined by supply and
demand. In some cases, prices also depend on whether buyers
are willing to pay more to promote environmentally sustainable
carbon markets (Xia et al., 2020). Mangrove forests, for example,
provide many benefits for human welfare, but they are rapidly
disappearing. One reason for this disruption is that policymakers
and markets have not understandably evaluated the benefits of
mangroves (Tanner et al, 2019). Using the value of carbon
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stored in mangroves on the voluntary carbon market can generate
revenue. This helps support and motivate sustainable mangrove
management, improve livelihoods and reduce anthropogenic stress
(Benson et al., 2017).

Optimizing Blue Carbon sequestration products and developing
trading mechanisms are important ways for China and the world to
deal with global climate change and achieve carbon neutrality. So far,
China has successfully developed and traded its first Blue Carbon
sequestration project, the Zhanjiang Mangrove Forest Project. In the
future, it will continue to promote the development of Blue Carbon
sink projects and the development of trading market (Chen et al,,
2021), to promote ecological protection and restoration through
market mechanism (Tang et al., 2018).

5.3 Research methods of Blue Carbon

Blue Carbon research mainly adopts quantitative research
method. Referring to Tang et al. (2018), quantitative research
methods used in Blue Carbon research can be divided into
monitoring carbon budget (including carbon flux and carbon
pool), simulation experiment and modeling research, etc.

5.3.1 Monitoring

Monitoring can be divided into flux monitoring and carbon pool
monitoring. First, the monitoring of carbon flux. It is to observe all
kinds of fluxes and calculate the total amount. For example, Dahl
et al. (2020) measured total organic carbon (TOC) deposited in
seagrass meadows at two Z-dock sites to assess seasonal variations in
sediment carbon storage of seagrass meadows. Potouroglou et al.
(2017) conducted a multi-site study on sediment surface elevation of
seagrass in different environments and species through long-term
monitoring. Macklin et al. (2019) explored the driving factors of
CO, along the mangrove seagrass transect through 8 seasonal
surveys and 55h fixed location time series. This method——the
monitoring of carbon flux——can understand the mechanism and
process of carbon pool changes and provide data basis for modeling.
For example, using more than 900 soil carbon measurements data,
Jardine and Siikamaeki (2014) established a global prediction model
for mangrove soil carbon.

Second, the monitoring of carbon pools. It involves directly
observing changes in the carbon pool. This method is relatively
simple and can obtain the changes of 1 year or several years, but fails
to give seasonal changes and the contribution of each carbon flux.
For example, Peng et al. (2016) calculated the vegetation carbon
storage of each community by investigating the components of each
vegetation carbon  pool representative

in four mangrove

communities.

5.3.2 Experiment

Experiment is to change one or more environmental factors
artificially through the comparison with the control group, explore
the response of the ecosystem to this kind of factors, and serve the
construction of the model. In the existing studies, the simulated
factors include temperature, precipitation, nitrogen and phosphorus
content, soil oxygen content, etc. For example, in order to further
understand how salt marshes respond to warming and precipitation
changes, Charles and Dukes (2009) conducted a manipulation
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experiment in tidal salt marshes through passive open indoor
warming, double precipitation and warming, etc. Deegan et al.
(2012) conducted a 9-year experiment on nutrient enrichment
across the ecosystem in coastal wetlands, which showed that
nutrient enrichment is a global problem in coastal ecosystems,
and it may be also a driving factor of salt marsh loss. Using
nutrient enrichment (N & P) experiments, Armitage and
Fourqurean (2016) assessed the effects of long-term and near-
term nutrient inputs on aboveground and underground carbon
accumulation in seagrass beds. Wei et al. (2020b) explored the
effects of tidal flood on CO, and CH, fluxes of salt marsh ecosystem
through field experiments. Chapman et al. (2019) points out that
changes in soil oxygen content may be a vital driving factor for Blue
Carbon storage in coastal wetlands in the future by manipulating soil
oxygen state in real soil.

5.3.3 Modeling

The purpose of the long-term observation and simulation study
of the ecosystem in Blue Carbon research is to build a process-based
mathematical model to understand the system process and predict
and analyze the future. Most models use input parameters that are
easy to measure, such as meteorological factors and vegetation
structure, and other data obtained with remote sensing data. For
example, Morris et al. (2016) used marsh equilibrium model to
predict the carbon sequestration capacity of salt marsh wetlands and
their response to sea-level rise. Owers et al. (2018) collects high-
resolution three-dimensional point cloud through terrestrial laser
scanning and proposes the point cloud elevation histogram model.
So, the aboveground biomass of coastal wetland vegetation with
complex structures can be quantified. Sohma et al. (2018)
established a coastal ecosystem model (Ecosystem Model for
Aquatic Integrated Network for Blue Carbon) to estimate climate
change mitigation. In addition, Jardine and Siikamaeki (2014)
explored several predictive modeling methods using climate and
location data for prediction. Based on these models, an estimated
global soil carbon concentration and storage dataset was
constructed.

6 Conclusion and prospects

The potential impact of Blue Carbon destruction on greenhouse
gas emissions is becoming more significant, which puts forward a
new proposition and research space. Based on previous research, this
paper tries to put forward some research perspectives, in order to
for scholars

provide some references

Carbon research.

to carry out Blue

(1) Analyze the concept and content of Blue Carbon and clarify
the type of Blue Carbon. Although scholars at home and
abroad have tentatively proposed and summarized the
concept, connotation and types of Blue Carbon, the
research on Blue Carbon is still in its infancy, and human
cognition of Blue Carbon is still not comprehensive. As
natural science advances and theories change, some new
ecosystems may be incorporated into the concept of Blue
Carbon. For example, the discovery of shale gas has shattered
our understanding of the composition of fossil energy.
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Therefore, the related concepts, connotations and main types
of Blue Carbon will be constantly updated with the progress of
natural science and the innovation of social science theories.
Strengthen accurate estimation and prediction of Blue Carbon
sink and its potential. Although relevant measurement
methods and standards have been preliminarily proposed,
they are still incomplete due to the many subsystems involved
in Blue Carbon. Therefore, in the next step, we should
constantly develop measurement methods and formulate
corresponding industry standards to improve the accuracy
of Blue Carbon storage measurement and simulation model.
Although the carbon storage of Blue Carbon in China has
been estimated successively, there is a lack of systematic
observation and unified standard for the carbon storage
and carbon sink research of coastal wetlands in China.
Therefore, there is still a large data gap in existing
estimates, and the storage of Blue Carbon sink needs to be
further explored.

Explore the protective mechanism of Blue Carbon system.
With the continuous advancement of urbanization and
industrialization in China, offshore pollution is becoming
more serious. Moreover, maricultural pollution and domestic
sewage pollution in the primary industry also aggravate
marine pollution in China, which will cause serious
damage to the Blue Carbon ecosystem in the long run.
Therefore, strengthening the research on the protection
mechanism of the Blue Carbon system should also become
one of the significant directions.

Explore the Blue Carbon sink trading market mechanism. For
instance, in China Guangdong, Shandong and Shanghai have
taken the lead in carrying out multi-agent Blue Carbon
trading projects, but the overall benefits of the projects
have yet to be tested over time. In the future, the
government can effectively integrate the supply and
demand of Blue Carbon by developing Blue Carbon fund,
exploring Blue Carbon credit certification and constructing
Blue Carbon free trading market, to serve China’s carbon
neutrality strategy in 2060.

Explore new research methods and focus on the dynamic
change of Blue Carbon. As for the existing quantitative
research methods, although specific quantitative process
can be understood to a certain extent in terms of
monitoring, there will be certain errors. As far as the
experiment is concerned, the cost of simulation experiment
is relatively high and the effect is not ideal. As far as modeling
is concerned, the prediction ability of existing models needs to
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and dig financial markets to explore Blue Carbon and its
economic effects more effectively.
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