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A B S T R A C T   

Blue carbon sequestration is a nature-based solution to environmental problems caused by climate change and 
has a significant positive impact on the planet and human well-being. This paper bibliometrically and system-
atically analyzed 2,613 studies found in the Web of Science Core Collection (WoSCC) from 2003 to 2021 to 
explore the hotspots and trends of blue carbon research using the Bibliometrix package in R studio and VOS-
viewer software. The results based on network co-occurrence analysis indicated that mangroves, seagrasses, and 
salt marshes were the major blue carbon ecosystems (BCEs), and mangrove carbon sinks were the most popular 
central research area. Furthermore, phytoplankton and microalgae have essential roles in the marine carbon 
cycle and bioenergy utilization, as revealed by the high proportion of published literature, while the carbon 
transport mechanisms of seagrass and macroalgae was understudied. Thematic evolution analysis revealed that 
remote sensing was the most commonly used technology as an emerging research field for ecological monitoring 
and ecological investigation in blue carbon research in recent years. In addition, increasing carbon sinks by 
artificial approaches, fishery carbon sinks, and carbon sequestration by macroalgae have been potential hotspots 
for blue carbon research development. The findings from this study shed light on the trends of blue carbon in the 
past eighteen years, current research points in the field, and areas that need more research investment going 
forward.   

1. Introduction: 

Human activities are currently the main cause of modern climate 
change, inevitably leading to extreme weather, declining perennial ice 
cover, and sea-level rise (Karl and Trenberth, 2003). Scientists were 
constantly seeking ways and means to slow down global warming, while 
land plants had become the early research object to mitigate global 
warming because of their carbon sequestration capacity via photosyn-
thesis as ’green carbon’ (Cannell, 1996; Mackey et al., 2008). Carbon 
dioxide from the atmosphere is captured by marine organisms, and the 
environment is in the ocean rather than on land, hence, so-called ’blue 
carbon’ (Nellemann and Corcoran, 2009). Marine organisms only 
occupy 0.2% of the ocean surface area but contribute more than half of 
the carbon storage, such as seagrass, salt marshes, macroalgae and 

mangroves, thus having great potential and advantages in carbon stor-
age (Duarte et al., 2013). In addition, the ocean’s vegetated habitats 
only account for 0.05% of the plant biomass on land but store a com-
parable amount of carbon per year (Nellemann and Corcoran, 2009). 
Therefore, blue carbon sequestration as a nature-based solution has 
attracted much attention worldwide. 

Most studies have reviewed the relationship between blue carbon 
and climate change, emphasizing the need for scientific management of 
marine and coastal ecosystems to maximize the contribution of marine 
blue carbon to climate change (Macreadie et al., 2017; Lovelock and 
Duarte, 2019; Kelleway et al., 2020). Some studies proved the effec-
tiveness of the blue carbon trading of marine ranching and deeply dis-
cussed the regulatory scheme of blue carbon trading (Wan et al., 2021a; 
Wan et al., 2021b). However, there was a wide range of research on blue 
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carbon with different backgrounds, including multiple disciplines 
studied. For example, Li and Miao explore the feasibility of incorpo-
rating blue carbon into China’s emission reduction certification and 
analyze the legislative framework from a legislative and policy 
perspective (Li and Miao, 2022). Zhao et al. demonstrated the economic 
feasibility of blue carbon cooperation along the Maritime Silk Road by 
using Weber’s law and regret theory (Zhao et al., 2022). Therefore, it is 
necessary to analyze and review the state of the art in blue carbon 
strategy. A bibliometric review is a methodology-based type of literature 
review. It is a quantitative method combining mathematical and sta-
tistical analyses that can evaluate the thematic trends in a research field 
by analyzing the published scientific literature. It helps review the 
progress in a research field and provides a specific direction from 
scholars with significant contributions (Paul and Criado, 2020). It can 
analyze the relationship between keywords and literature under the 
vision of statistics and provide researchers with new research fields, 
making bibliometrics a bridge to bridge different disciplines (Marrone 
and Linnenluecke, 2020). Research on global carbon sequestration in 
ecosystems has been analyzed using a variety of bibliometric tools, 
particularly in the linkages of intercontinental and research content (Hu 
et al., 2022). Due to the incomplete compilation of literature data, the 
analysis results focused on the study of terrestrial carbon sinks and soil 
carbon sinks, but the contribution of marine carbon sinks and blue 
carbon to climate change was relatively rare (Huang et al., 2020). 
Although bibliometrics has been applied to the study of blue carbon, the 
coverage of the review literature was not comprehensive enough, and 
there was a lack of trend analysis and future direction analysis by using 
existing analytical evidence (Nie et al., 2018; Lai et al., 2022). 

After comprehensively reviewing the research status of blue carbon, 
this study aims to reveal the central scientific topic of current blue 
carbon research through bibliometric analysis, to explore the potential 
crucial areas that are currently overlooked in the blue carbon research 
system and to identify future research directions according to the 
development trend and research hotspots on blue carbon. 

2. Methodology: 

2.1. Study framework and data sources 

The framework of the research was created and described all the 
analysis processes and research contents (Fig. 1). Many environmental 
bibliometric studies were based on WoSCC, which has met the re-
quirements in terms of data integrity (Ding et al., 2022; Li et al., 2022b; 
Zhou et al., 2022). Similarly, WoSCC citation databases were used as 
databases for bibliometric analysis in this study. 

2.2. Search strategy 

The types of literature collection were both article and review papers 
with a duration from 2003.01.01 to 2021.12.31. This study only 
considered articles and reviews because other types, such as editorials, 
conference articles, and book reviews, might be published papers, which 
would overlap with the statistical data. We followed the steps of search, 
screening, and storage. The searches were as follows: TS= ((“blue car-
bon” NOT “prussian”) OR ((“mangrove” OR “salt marsh*” OR “sea-
grass*”) AND (“carbon sequestration*” OR “carbon sink*”)) OR (“ocean 
carbon cycle*” AND (“carbon sequestration*” OR “carbon sink*”)) OR 
“coastal carbon sequestration*” OR “coastal carbon sink*” OR 
(“*algae*” OR “seaweed*” AND (“carbon sequestration*” OR “carbon 
sink*”)) OR (“shellfish*” AND (“carbon sequestration*” OR “carbon 
sink*”)) OR (“artificial upwelling*” AND “carbon*”) OR (“*plankton*” 
AND (“carbon sequestration*” OR “carbon sink*”) AND (“ocean” OR 
“sea” OR “marine”)) OR (“biological carbon pump*” AND (“carbon 
sequestration*” OR “carbon sink*”)) OR “solubility pump*” OR “car-
bonate pump*” OR “microbial carbon pump*”). Finally, we downloaded 
all record contents of literature from the WoSCC, including authors, ti-
tles, sources, abstracts, keywords, addresses, and cited references. 

2.3. Summary of article information 

The record contents were imported into the Biblimomerix 

Fig. 1. Research framework of the analysis process and research content on blue carbon. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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visualization program in R Studio (version 4.3.1) to analyze the annual 
number of publications, authors, organizations of cited authors, coun-
tries, and published journals. The annual published amount of blue 
carbon literature was exported through Bibliometrix and plotted using 
Microsoft Excel. The most published journals, authors, cited authors, 
their affiliated institutions and countries were exported through Bib-
liometrix, and these statistics would only be listed in the top 10. 

2.4. Co-citation analysis 

Co-citation analysis refers to the citation of the same two or several 
articles between authors, and the number of references cited in these 
articles is the intensity of co-citation. On the one hand, co-citation 
analysis can help scholars and practitioners identify peer-recognized 
documents to promote the development of disciplines. On the other 
hand, co-citation analysis is a method that may help avoid academic 
isolation, accelerate knowledge integration and eventually establish 
interdisciplinary coherence (Trujillo and Long, 2018). In this study, we 
analyzed article co-citation and selected representative references by 
using VOSviewer (Version 1.6.17) under a minimum number of citations 
of cited references of 30. The analysis of co-citation journals showed the 
research areas in the field of blue carbon, and the top 20 cited journals 
were counted by Bibliometrix. Co-citation analysis was also conducted 
by using cluster analysis in VOSviewer, and the image was a density 
heatmap of the journal citing threshold of at least 40 times. 

2.5. The collaboration between the authors and the countries 

In bibliometrics, collaboration analysis mainly focuses on an inter-
related static analysis method of collaborative research articles pub-
lished by several authors from different institutions. Kumar proposed 
the need for comparative research and used network analysis to inves-
tigate different academic communities to reveal the differences in the 
relationship model (Kumar, 2015). The co-occurrence analysis of au-
thors and countries was carried out by VOSviewer. The authors’ 
collaboration analysis threshold was set to 13, and the minimum num-
ber of countries’ cooperation analyses was 20. Furthermore, VOSviewer 
was used to derive the total citation number, average citation number, 
literature number and total cooperation number of each country. 

2.6. Co-occurrence of the keywords 

Keywords are an indispensable part of the article and have a certain 
reference value in conveying the main idea of the literature (Sobir-
ovIvanovna, 2020). Keyword Plus are the keywords that WoS adds 
relevance to the original article through clustering under a certain al-
gorithm, which can increase the hit rate of the article when the reader 
searches the article (Li et al., 2022b). A bibliometric analysis of the 
keywords was carried out through VOSviewer, and we listed the top 10 
keywords and keywords plus by using Bibliometrix and plotted them by 
Original 2021. Since some keywords had the same meaning in the co- 
occurrence graph, the results of relevant terms such as mangroves, 
mangroves, mangroves, and red mangroves were artificially combined. 
The keyword frequency was set to 8 in this study. Note that to avoid the 
analysis and judgment of the search term (in this case, ’blue carbon’) in 
the keyword map, it could not be displayed first, which did not affect the 
connection between other keywords. 

2.7. The thematic evolution of the keywords 

The frontier research and analysis of keywords need to take time into 
account, so keyword topic evolution can show the research hotspots and 
research content changes in each time period (Catone et al., 2020). 
Therefore, Bibliometrix was used for topic trend analysis in this study 
and the slice of time was divided into six according to the important time 
nodes and the homogenization of times, such as the proposal of blue 

carbon in 2009 and the multiparty conclusion of the Paris Agreement in 
2015. The keyword topic evolution also needed to merge keywords, and 
the method of merging was the same as the keyword co-occurrence map. 
The minimum clustering frequency of keyword topic evolution was set 
to 8. 

3. Results and discussion 

3.1. Total number of publications on blue carbon 

A total of 2,613 research articles were found on blue carbon in ma-
rine organisms and most of them were published in English (Table 1, 
Table S1). The literature with ’blue carbon’ as the theme was the most 
exported, reaching 971, followed by 486 articles on ’mangrove carbon 
sequestration’ and 485 studies on ’marine carbon sequestration in 
plankton’. Mangrove carbon sequestration was the most studied among 
the BCEs, followed by seaweed and salt marsh ecosystems. 

3.2. Temporal trend of publications and top 10 published journals on blue 
carbon 

A total of 2,613 papers on blue carbon were published from 2003 to 
2021. By utilizing a nonlinear fit (exponential model, see Fig. 2. R2 =

0.9895) of publications from 2003 to 2021, the annual publication 
number shows an exponential upward trend, mainly since 2009. The 
term ’blue carbon’ was mentioned for the first time in the book Blue 
Carbon: The Role of Healthy Oceans in Binding Carbon— A Rapid Response 
Assessment in 2009 (Nellemann and Corcoran, 2009). From 2003 to 
2008, fewer than 30 papers on blue carbon were published yearly. Since 
2009, blue carbon research has gradually attracted attention, and the 
number of publications has slowly increased (Fig. 2). At the end of 2015, 
the 21st United Nations Climate Change Conference was held in Paris, 
and the emergence of the Paris Agreement has made all countries in the 
world pay attention to the issue of climate warming. The United States 
was ahead of other countries in the number of publications, while the 
overall research achievements of China and Australia were not much 
different (Fig. 2). From the perspective of the trend of publication, China 
was paying more attention to the research of blue carbon research when 
the goals of carbon peak and carbon neutrality were written into the 
government work report in China in 2021. 

According to the results of descriptive statistics, a total of 2,613 ar-
ticles were published in 524 journals. The top 10 journals contributed 
27.41% (705 articles) in the field of blue carbon (Table 2). Among them, 
Science of The Total Environment published the most papers, 122 (4.67%), 
which had a small gap in number with Estuarine Coastal and Shelf Science, 

Table 1 
The total number of articles from the WoSCC keyword search (December 31, 
2021).  

Subject terms Search results 

blue carbon 971 
mangrove and (carbon sequestration or carbon sink) 486 
salt marsh and (carbon sequestration or carbon sink) 268 
seagrass and (carbon sequestration or carbon sink) 300 
ocean carbon cycle and (carbon sequestration or carbon sink) 38 
coastal carbon sink and coastal carbon sequestration 12 
algae and (carbon sequestration or carbon sink) 360 
seaweed and (carbon sequestration or carbon sink) 65 
shellfish and (carbon sequestration or carbon sink) 23 
artificial upwelling and carbon 14 
plankton and (carbon sequestration or carbon sink)and  

(ocean or sea or marine) 
485 

biological pumpand  
(carbon sequestration or carbon sink) 

65 

solubility pump 29 
carbonate pump 26 
microbial carbon pump 32 
Total 2,613  
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ranking second, 106 (4.48%). The journals were mainly in the fields of 
environmental science and ecology, biology, geology, meteorology, at-
mospheric science, oceanography, and other relevant fields. A few 
journals cover comprehensive scopes, such as PLOS One. 

3.3. Top authors and most contributed institutions 

Seven of the top ten scientists with the most publications on blue 
carbon research were from Australian institutions, and Carlos M. Duarte 
from King Abdullah University of Science & Technology had the highest 
number of publications and citations, with 76 published articles 
(Table S2, Table S3). The two tables were synchronized, but only some 
scientists had entered the Top 10 because of a highly cited article. In 
general, the institutions of these scientists were mainly from Australia, 
and they tended to have influential co-authored articles. 

The Chinese Academy of Sciences published 119 articles on blue 
carbon, followed by the University of Queensland, Edith Cowan Uni-
versity and the Deakin University, which published 84, 75, and 71 pa-
pers, respectively (Table 3). Australia had five institutions on the list, 
publishing 350 papers, accounting for 49.6% of the total contribution, 
indicating that Australia had a significant contribution to marine ecol-
ogy research on blue carbon. The Chinese Academy of Sciences and 
Xiamen University published 189 papers (26.81%). China is currently 
the world’s second-largest economy, indicating that the combination of 
economic development and national policies will focus on carbon di-
oxide emissions and marine carbon sequestration. 

3.4. Co-citation analysis 

According to the analysis from Bibliometrix, 2,613 articles cited 
10,2553 research achievements (including articles, books and patents). 
The most cited article was A blueprint for blue carbon: toward an improved 
understanding of the role of vegetated coastal habitats in sequestering CO2, 
with global citations as high as 1,598 by December 31, 2021 (Fig. S1). 
This paper mainly demonstrated the carbon sequestration potential of 
the ecosystem. It was proposed that the measurement method and 
quantitative retention rate of carbon storage needed to be improved to 
help future research (Mcleod et al., 2011). Red clustering could explain 
mangrove carbon sink theory and interdisciplinary research involving 
biology, chemistry, computers, and mathematics. Blue clustering rep-
resents the ocean carbon flux, carbon cycle, and nutrient transfer driven 
by microalgae, macroalgae, and seaweed. Although macroalgae are not 
included in the blue carbon budget of the coastal zone, many studies 
have found that macroalgae have a carbon sink function that deserves 
more attention in the future studies (Gao et al., 2021, 2022). Green 
clustering could be used to explain the carbon sink research of the 
seagrass ecosystem which belongs to one of the three BCEs. Yellow 
clustering could be used to illustrate the carbon sequestration research 
of marine swamps, coastal wetlands, salt marshes and other ecosystems, 
and it was closely related to sediment, soil and other research objects. In 
addition, we found that the yellow clustering was between the red and 
green clustering, and there was a co-occurrence relationship between 
them, indicating that carbon sequestration research of mangroves and 
seagrasses was partly in the direction of sedimentary carbon. In general, 
all the literature cited by the 2,613 paper was mainly about the three 
major BCEs and involved multidisciplinary. 

The journal Limnology and Oceanography had the highest citation 

Fig. 2. Annual publications on blue carbon in Web of Science. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Top 10 journals on blue carbon.  

Ranking Journal names Number of 
documents 

Percentage 
(%) 

1 Science of The Total 
Environment 

122  4.67% 

2 Estuarine Coastal and Shelf 
Science 

106  4.48% 

3 Frontiers In Marine Science 91  3.48% 
4 Biogeosciences 80  3.06% 
5 Global Change Biology 58  2.22% 
6 Limnology and Oceanography 54  2.07% 
7 Global Biogeochemical Cycles 51  1.95% 
8 Scientific Reports 48  1.84% 
8 Marine Ecology Progress Series 48  1.84% 
10 PLOS One 47  1.80%  

Table 3 
Top 10 organizations publishing on blue carbon.  

Countries Organization NO. of publications 

China Chinese Academy of Sciences 119 
Australia The University of Queensland 84 
Australia Edith Cowan University 75 
Australia Deakin University 71 
China Xiamen University 70 
Australia University of Western Australia 67 
Spain CSIC-UIB 66 
United States US Geological Survey 53 
Australia Southern Cross University 53 
United States Louisiana State University 47  
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weight for blue carbon among the cited sources (Table S4). It was a 
journal from the field of geology, followed by marine ecology-progress 
series and nature, which were environmental science and ecology and 
comprehensive journals. Among the top 20 journals, eight belonged to 
the field of environmental science and ecology, and six belonged to 
geology. Journals publishing similar research content tended to cluster 
together, such as Estuarine Coastal and Shelf Science and Estuaries and 
Coasts, mainly citing the research content of coastal environmental 
ecology (Fig. 3). Bioresource Technology was located in the center of the 
right-side island, because part of the literature mainly quoted micro-
algae research on energy applications. Moreover, some journals in the 
field of remote sensing and imaging science and photographic technol-
ogy in engineering technology were also part of highly cited journals, 
such as Remote Sensing of Environment, Remote Sensing and International 
Journal of Remote Sensing, indicating that remote sensing is the most 
researched technology for mapping and quantifying blue carbon (Jiang 
et al., 2022). 

3.5. Analysis of inter-author and inter-country cooperation 

Fig. S2 shows the collaboration among authors on blue carbon, and 
the authors shown were basically consistent with Table S2. The collab-
oration of these scientists had a distinct feature, standing on a global 
perspective to research the issues, such as exploring the carbon cycle of 

the BCEs and their interaction with global change (Fourqurean et al., 
2012; Atwood et al., 2017; Arias-Ortiz et al., 2018). Professor Carlos M. 
Duarte and Professor Oscar Serrano from Edith Cowan University 
maintained a higher degree of cooperation, as they published 27 papers 
from 2013 to 2021. Interestingly, Professor Pere Masqué from Edith 
Cowan University focused on the application of radioactive isotopes in 
environmental science, and Professor Christian J. Sanders from South-
ern Cross University used radionuclides to track the coastal process, 
which indicated that term cooperation needed a researcher who would 
use tools to participate in a study. This was also the best evidence that 
they used 210Pb to date sediments from seagrass and mangrove ecosys-
tems around the world, and it was believed that the calcium carbonate 
would not destroy the carbon sink of these ecosystems (Saderne et al., 
2019). 

The United States had the largest number of cited documents, up to 
859, followed by Australia and China, with 491 and 457, respectively 
(Fig. S3, Table S4). Furthermore, the United States and the United 
Kingdom had cooperative research with 36 other countries or regions, 
but the number of collaborative studies between the United States and 
China was the largest. These collaborations still focused on the rela-
tionship between global climate change and BCEs; therefore, they esti-
mated the carbon storage and changes of BCEs worldwide, indicating 
that the transformation or degradation in BCEs would affect global 
carbon sinks (Donato et al., 2011; Fourqurean et al., 2012; Pendleton 

Fig. 3. A density heatmap of the most cited journals.  
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et al., 2012). 

3.6. Co-occurrence and characteristics of the main keywords 

Bibliometrix counted the keywords and keywords plus in all the 
literature (Fig. 4). Compared with Table 1, we know that ’carbon 
sequestration’, ’mangrove’, ’salt marsh’, ’seagrass’, ’microalgae’, 
’phytoplankton’, ’sequestration’, ’organic-carbon’ these keywords and 
keywords plus were the subject terms or part of them. However, some 
keywords and keyword plus that did not appear in the literature, such as 
’dynamics’, ’biomass’, ’ecosystem’, ’climate change’, ’growth’, and 
’organic matter’, could be found in top 10, which were strongly relevant 
to blue carbon research. The keyword ’dynamics’ was mainly related to 
the study of blue carbon, which was mainly solved by dynamic methods, 
such as carbon dynamics, population dynamics, and sediment dynamics. 
The study of blue carbon was concerned with three BCEs, so it was 
related to ’biomass’ and ’ecosystem’. The purpose of blue carbon 
research was to address global climate change and reduce carbon di-
oxide emissions, so the emergence of ’climate change’ was reasonable. 

Due to the huge number of papers published on blue carbon, we 
showed the keywords through clustering and attempted to interpret 
clusters by assessing the keywords most closely related to each of the six 
clusters, especially the largest nodes, as size reflects the frequency of 
occurrence (Fig. 5, Table 4) (Moral-Muñoz et al., 2019). The results 
showed that the category (green) including keywords of ’carbon 
sequestration’, ’carbon dioxide’, ’biomass’, ’microalgae’, ’seaweed’ and 
’macroalgae’ are the most frequent research categories on blue carbon, 
which could be explained as ’algae’. The second (red) category was 
interpreted as ’carbon dynamics’ and was also the most widely studied 
category in blue carbon, including ’phytoplankton’, ’carbon cycle’, 
’carbon sink’, ’dissolved organic carbon’, ’particulate organic carbon’ 
and ’nutrients’. The third category (cyan) could be called the ’measuring 
technique’, including ’mangrove’, ’remote sensing’, ’organic carbon’, 
’terrestrial biomass’ and ’carbon accumulation’. Category four (yellow) 
could be described as ’swamp’, including ’salt marsh’, ’coastal wet-
lands’, ’sea-level’, ’salt organic carbon’ and ’methane’. The fifth cate-
gory (blue) was regarded as ’ecological value’, including ’seagrass’, 
’ecosystem services’, ’eutrophication’, ’restoration’, ’management’, 
’conservation’ and ’ecosystem function’. The last category (purple) was 
regarded as ’climate change’, which was related to ’climate change’, 

’climate change mitigation’, ’aquaculture’, ’deforestation’, ’land use’, 
and ’coastal ecosystems’. 

The three major BCEs were the focus of research in the field of blue 
carbon, and mangroves were the most mentioned, followed by salt 
marshes and seagrasses (Fig. 5). Mangrove ecosystems have the largest 
carbon pool, accounting for approximately 17% of the total carbon pool 
in the global tropical ocean. The carbon storage per unit area was also 
the largest in the world ecosystem (except for tundra and peatlands) 
(Alongi, 2020b). Mangroves and salt marshes occupy the coastal land- 
sea interface, so the connection between the two is more frequent 
than that of seagrass (Alongi, 2020a). The organic carbon burial of the 
integrated ecosystem with mangroves and salt marshes was higher than 
that of the adjacent single mangrove or salt marsh ecosystem, and some 
studies have shown that mangroves continued to expand to the salt 
marsh ecosystem with the rise of the horizontal level (Saintilan et al., 
2014). Therefore, further research is necessary to study the carbon 
burial changes related to mangrove encroachment on salt marshes (Giri 
and Long, 2016; Vaughn et al., 2020). Sea level rise belonged to the 
same category as salt marsh, and the two were closely related. The 
marine environments caused by sea-level rise reduced the concentra-
tions of organic carbon in salt marsh sediments but increased organic 
carbon burial rates (Ruiz-Fernández et al., 2018). The BCEs were char-
acterized by abundant organic carbon that could be deposited in the 
seabed or coastal area and could be fixed stably for a long time. Ty-
phoons, tides, and other situations had little effect on it and even 
brought organic carbon in the ocean to the habitat, which was the key to 
their efficient carbon sequestration (Best et al., 2018; Ouyang et al., 
2021). Therefore, the keywords ’sediment’, ’soil organic carbon’ and 
’organic matter’ became high-frequency keywords in this study. Un-
fortunately, mangrove and seagrass bed ecosystems are threatened by 
human pollution and deforestation, the replacement of aquaculture, 
climate interference and sea level rise (Maiti and Chowdhury, 2013; 
Lovelock et al., 2015; Hamilton and Casey, 2016; Ahmed et al., 2018; 
Arias-Ortiz et al., 2018; Sippo et al., 2018; Khairnar et al., 2019; Tan 
et al., 2020). Therefore, the keyword ’restoration’ was related to these 
three and closer to mangroves, indicating that mangrove restoration was 
the most carried out (Fig. 5) (Romañach et al., 2018; Rodríguez-Rodrí-
guez et al., 2021). 

Phytoplankton are the foundation of the aquatic food web and the 
main energy source of the aquatic ecosystem. The physiology and 

Fig. 4. Most frequently used keywords in the topic of blue carbon. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

C. Zhong et al.                                                                                                                                                                                                                                   



Ecological Indicators 148 (2023) 110063

7

community structure of phytoplankton were dominated by the physical 
and chemical conditions of the ocean. Hence, phytoplankton have 
important research significance for the marine carbon cycle (Winder and 
Sommer, 2012; Basu and Mackey, 2018). The biological pump starts 
with the photosynthesis of phytoplankton and provides organic carbon 
to the top of the food chain, and this process is accompanied by the 
metabolism and death of organisms to produce particulate organic 

carbon (POC) deposition (Myklestad, 2000; Zhu et al., 2015). POC ul-
timately stores very little organic carbon on the ocean floor, while most 
of the organic carbon in the ocean exists in the form of dissolved organic 
carbon (DOC) with different lifetimes. There are a large number of mi-
croorganisms in the ocean, and the labile DOC and semi labile DOC are 
converted into recalcitrant dissolved organic carbon (RDOC) by them 
through the microbiological carbon pump (MCP) mechanism, which 
exists in the ocean for longer life (Jiao, 2012; Jiao et al., 2014). As 
phytoplankton can store organic carbon for a longer time through MCP, 
seagrass and macroalgae in the ocean also have the same potential, 
which should also be considered in the future. 

We can see the green categories of keywords dominated by micro-
algae, carbon dioxide, and macroalgae in Fig. 5. Due to the character-
istics of rapid growth, carbon neutralization and lipid enrichment, 
microalgae could play a major role in bioenergy synthesis and envi-
ronmental treatment, and the fixation strength of carbon dioxide was 
even greater (Singh and Ahluwalia, 2013; Chen and Xu, 2020). Waste-
water treatment is currently one of the key roles of microalgae by 
reducing the concentration of some substances in water, such as organic 
and inorganic carbon, as well as inorganic nitrogen (N) and phosphorous 
(P), and finally achieving wastewater reuse or qualified discharge 
(Mohsenpour et al., 2021). The transformation of bioenergy also plays a 
major role in microalgae. Solving the problem of high extraction costs 
would be the key factor changing the energy pattern (Kapoore et al., 
2018). 

Ecosystem services are a multidimensional concept closely related to 
people, ecology, climate and culture, so they would appear in the 
research topic with ’climate change mitigation’, ’coastal management’, 
’conservation’, ’mangrove’ and ’coastal wetlands’. Mangrove 

Fig. 5. Keyword cluster analysis.  

Table 4 
VOSviewer clusters on blue carbon.  

Cluster 
Identification 

Keywords Cluster 
Interpretation 

Cluster ‘green’ carbon sequestration, carbon dioxide, 
biomass, microalgae, seaweed and 
macroalgae 

“algae” 

Cluster ‘red’ phytoplankton, carbon cycle, carbon 
sink, dissolved organic carbon, 
particulate organic carbon and nutrients 

“carbon 
dynamics” 

Cluster ‘cyan’ mangrove, remote sensing, organic 
carbon, terrestrial biomass and carbon 
accumulation 

“measuring 
technique” 

Cluster ‘yellow’ salt marsh, coastal wetlands, sea-level, 
salt organic carbon and methane 

“swamp” 

Cluster ‘blue’ seagrass, ecosystem services, 
eutrophication, restoration, 
management, conservation and 
ecosystem function 

“ecological value” 

Cluster ‘purple’ climate change, climate change 
mitigation, aquaculture, deforestation, 
land use, 
coastal ecosystems 

“climate change”  
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ecosystems can provide ecosystem services such as raw materials, 
shelter services, climate regulation, nutrient cycling and culture, which 
are particularly important for the well-being and livelihood of local 
residents (Getzner and Islam, 2020). A comprehensive ecosystem ser-
vices assessment could lead to a certain reference value in coastal 
management decisions (MacDonald et al., 2020). The application of 
ecosystem services to blue carbon could play an important supporting 
role in the sustainable development and utilization of marine resources, 
national economic accounting, paid use of marine ecosystems, ecolog-
ical compensation and comprehensive management of coastal zones 
(Suwen et al., 2022). Therefore, we learned that the ecosystem services 
were a hot topic and played an important role in marine management 
and coastline management. 

3.7. Thematic evolution of keywords 

The thematic evolution of keywords showed that the keywords 
’carbon sequestration’, ’microalgae’, ’phytoplankton’, ’carbon cycle’ 
and ’blue carbon’ appeared more than three times (inclusive) in six 
periods, indicating that they have been in the central areas (Fig. 6). The 
changes in the research about the keyword ’phytoplankton’ were also 
remarkable. For example, phytoplankton also appeared frequently in the 
early stage, mainly because the method of ocean fertilization was pro-
posed (Boyd et al., 2000). However, due to the unrealizability of ocean 
fertilization and unknown ecological impacts, previous scholars who 
focused on ’phytoplankton’ turned to research on ’nutrients’ and 
’microalgae’ (Buesseler et al., 2008). The study of carbon sequestration 
of phytoplankton has become a hot spot, and its research methods can be 
used for reference by the study of algae and seagrass. In the four periods 
that began in 2010, the study of microalgae became a hot topic on blue 
carbon. In addition, the application of remote sensing technology has 
provided mapping and monitoring functions in blue carbon research in 
recent years, making the research more accurate (Hossain et al., 2015; 
Pham et al., 2019a; Pham et al., 2019b). 

3.8. Global perspectives on blue carbon in the future 

3.8.1. Increasing carbon sinks by artificial approaches 
The topic of increasing carbon sinks by artificial approaches is also 

worth discussing for blue carbon, because marine iron fertilization in 
early studies also promoted to the promotion of marine carbon dioxide 
absorption under artificial intervention. We could see that ’artificial 
upwelling’ was a less connected existence in Fig. 5, and it was a means of 
increasing carbon sinks through manual intervention. According to the 
carbon storage principle of biological pump and micro-
bial carbon pump, artificial upwelling could be driven by clean energy 
to promote the circulation of nutrients and increase carbon sinks (Jiao 
et al., 2018). Artificial upwelling technology could promote the trans-
port of nutrients in the euphotic zone of the seabed and stimulate the 
growth of phytoplankton and algae. The solar-driven airlift artificial 
upwelling system has been implemented, which has been proven to be 
effective. Therefore, if artificial upwelling technology was widely 
implemented in China, an additional 140,800 tons of carbon would be 
added (Pan et al., 2018). 

3.8.2. Carbon sequestration in the mixed marine aquaculture model 
Many scholars believe that fishery carbon sinks belong to the cate-

gory of blue carbon, and it was defined that as long as the process and 
mechanism of promoting the removal of greenhouse gases such as car-
bon dioxide by aquatic organisms through fishery production activities 
belonged to fishery carbon sinks (Tang et al., 2022). Current research on 
fishery carbon sinks worldwide is lacking, and future research directions 
may become a hot spot in the field of blue carbon. In terms of nutritional 
cascades, there was evidence that capturing large fishes could increase 
carbon sequestration in phytoplankton (Mariani et al., 2020). Aqua-
culture was the most mentioned content in the fishery carbon sinks, and 
the mixed marine aquaculture model could promote the development of 
blue carbon. Mixed aquaculture could effectively utilize ecological 
habitats conducive to the absorption of carbon dioxide, achievingthe 
reduction of breeding costs and the improvement of productivity. The 
mixed culture mode of shellfish and algae had a very efficient carbon 
fixation effect. Therefore, the absorption effectiveness of carbon dioxide 

Fig. 6. Thematic evolution of keywords on blue carbon. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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at different mixing ratios needs to be researched and verified. 

3.8.3. Carbon sequestration potential of macroalgae 
Macroalgae are important primary producers in the ocean. They are 

distributed from the intertidal zone to the deep ocean and play an 
important role in marine ecology (Krause-Jensen et al., 2018; Gao et al., 
2022). Macroalgae in the ocean can grow through photosynthesis and 
accumulate a large amount of organic matter. When it dies and sinks into 
the deep sea, it may form relatively stable sedimentary carbon, or it may 
decompose into a large amount of dissolved organic carbon to form 
stable RDOC through MCP, which cannot be ignored (Krause-Jensen and 
Duarte, 2016; Zhang et al., 2017; Li et al., 2022a). When macroalgae 
enter the food chain, they may eventually be released from the meta-
bolism or death of an organism, and these are stored through the 
mechanism of MCP, similar to phytoplankton. Economical macroalgae 
farming also has great potential for carbon dioxide capture in terms of 
climate mitigation (Zhang et al., 2017). According to the current mari-
culture situation, the carbon dioxide fixation potential of cultured 
macroalgae may exceed 6% of global wild macroalgae by 2050 (Duarte 
et al., 2017). Therefore, the restoration of natural macroalgae farms and 
the expansion of the economic macroalgae farming scale can increase 
the effect of carbon sinks, and the carbon sequestration belonging to 
macroalgae should be considered in the ocean carbon budget in the 
future. 

4. Conclusion 

In this study, a total of 2,613 papers about blue carbon themes were 
elaborately collected and analyzed by using the Bibliometrix program of 
R Studio and VOSviewer software for bibliometric analysis and network 
mapping, which provide baseline information to guide future research 
to mitigate climate change and to achieve carbon removal and carbon 
neutrality goals. The main conclusions are as follows:  

• It has been thirteen years since the concept of blue carbon was 
proposed in 2009, and research on blue carbon has attracted the 
interest of scholars from the annually increasing number of 
publications.  

• Marine primary producers, such as seagrasses and macroalgae, are 
supposed to have carbon sink functions under the action of bio-
logical pump and MCP.  

• The three major BCEs were the most studied in the past, and 
phytoplankton in the marine carbon cycle, microalgae carbon 
sequestration and energy conversion and ecosystem services were 
the focus.  

• Marine monitoring and marine ecological surveys are dependent on 
engineering technology, and remote sensing will assist in research.  

• Future research on increasing carbon sinks by artificial approaches, 
fishery carbon sinks, especially represented by mixed culture models, 
and carbon sequestration of macroalgae are worthy of attention, and 
they are expected to become the key research direction in the future. 
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approach to greenhouse gas abatement through blue carbon management. Glob. 
Environ. Chang. 63, 102083. 

Khairnar, S.O., Solanki, B.V., Junwei, L., 2019. Mangrove ecosystem-its threats and 
conservation. Aquafind. https://aquafind.com/articles/Mangrove_Ecosystems.php. 

Krause-Jensen, D., Duarte, C.M., 2016. Substantial role of macroalgae in marine carbon 
sequestration. Nat. Geosci. 9, 737–742. https://doi.org/10.1038/ngeo2790. 

Krause-Jensen, D., Lavery, P., Serrano, O., Marbà, N., Masque, P., Duarte, C.M., 2018. 
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Fourqurean, J.W., Kauffman, J.B., Marbà, N., 2012. Estimating global “blue carbon” 
emissions from conversion and degradation of vegetated coastal ecosystems. 
10.26530/OAPEN_459256. 

Pham, T.D., Xia, J., Ha, N.T., Bui, D.T., Le, N.N., Takeuchi, W., 2019a. A review of 
remote sensing approaches for monitoring Blue Carbon ecosystems: mangroves, 
seagrasses and salt marshes during 2010–2018. Sensors 19, 1933. https://doi.org/ 
10.3390/s19081933. 

Pham, T.D., Yokoya, N., Bui, D.T., Yoshino, K., Friess, D.A., 2019b. Remote sensing 
approaches for monitoring mangrove species, structure, and biomass: Opportunities 
and challenges. Remote Sens. (Basel) 11, 230. https://doi.org/10.3390/rs11030230. 

Rodríguez-Rodríguez, J.A., Mancera-Pineda, J.E., Tavera, H., 2021. Mangrove 
restoration in Colombia: Trends and lessons learned. For. Ecol. Manage. 496, 119414 
https://doi.org/10.1016/j.foreco.2021.119414. 
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