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Blue carbon refers to the carbon fixed in marine ecosystems such as
mangroves, salt marshes, and seagrass beds. Considered a treasure house for
capturing and storing carbon dioxide, it can alleviate environmental issues
linked to climate change and positively influence the environments where
people live. Thus, to clarify the hotspots and development trends of blue
carbon research, bibliometric analysis incorporating ScientoPy and
VOSviewer software were used to quantitatively analyze 4,604 blue carbon
publications from Web of Science and Scopus databases between 1993 and
2023. The results indicate a rapidly growing number of published studies on
blue carbon, with blue carbon research being multifaceted and gradually
becoming an interdisciplinary and international topic. This study on blue
carbon, which is based on keyword clustering analysis, comprises three
stages. The analysis of the strength of the cooperative connections between
scholars in various countries who have published work on blue carbon. found
that the cooperation networks of developed countries are strong and those of
developing countries are relatively weak. Quantitative trend analysis reveals a
growing focus on the restoration and conservation of blue carbon ecosystemes,
with remote sensing being the predominant technology used in the blue
carbon research field in recent years. In blue carbon research, increasing
carbon sequestration capacity, climate change mitigation, and carbon
sequestration in macroalgae remain potential hotspots for research
and development.
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1 Introduction

Blue carbon sequestration refers to the absorption and storage
of atmospheric carbon dioxide by marine and coastal ecosystems,
including marine organisms. Blue carbon ecosystems (BCEs),
specifically mangroves, salt marshes, and seagrasses, capture and
store carbon in marine sediments and contribute to climate change
mitigation (Thomas, 2014). Furthermore, they provide vital
ecosystem services, including food supply, coastal protection,
biodiversity maintenance, water filtration, and cultural values
(Bano et al., 1997; Young et al.,, 2021; Lester et al., 2020).
However, the aforementioned ecosystems are facing various
threats due to pollution, sea level rise, ocean acidification owing
to climate change, overexploitation of coastal areas, overfishing, and
land use change. These threats may cause BCEs to lose their ability
to absorb and store carbon; they could even release a large amount
of stored carbon due to BCE disturbances and losses, which could
significantly affect the global carbon cycle and climate system. The
release of this carbon would exacerbate global warming, thus
triggering a series of chain reactions such as sea level rise and
climate model changes (Cameron et al., 2021; Chuan et al., 2020;
Perera et al., 2018; Duarte et al., 2005). Despite numerous efforts to
conserve and manage BCEs including greenhouse gas emission
reductions, water quality improvements, restoration of mangroves,
salt marshes and seagrass beds, and the development of supportive
policies and legislation (Ullman et al., 2012; Choi et al., 2022) these
measures remain insufficient to counter the threats they face.
Consequently, blue carbon research is attracting global attention.

The value of BCEs is becoming increasingly prominent in the
context of global climate change. Although “blue carbon” as a unified
concept is a rather recent conception, research on carbon storage in
coastal wetlands and seagrass beds began as early as the middle or late
20th century. In the 1970s and 1980s, scientists began to study the
role of mangroves, salt marshes, and seagrass beds in the carbon
cycle, including their levels of productivity and organic carbon
storage capacity. For example, in 1977, Beer, S. and other scientists
considered HCO-3 to be the major carbon source for photosynthesis
in seagrasses (Beer et al., 1977). In 1993, Pollard, P. C et al. identified
seagrasses as the most important primary producer, providing most
of the organic carbon for higher trophic groups (Pollard and Kogure,
1993; Mukai and Tijima, 1995). The presence of organic matter in
mangroves, seagrass beds, and salt marshes makes these coastal
ecosystems a important component of the global carbon cycle
(Farnsworth et al, 1996; Clough, 1995; Middelburg et al., 1996;
Bouillon et al., 2003; Bouillon and Connolly, 2009; Reef and
Lovelock, 2014). In 2009, blue carbon was first proposed in a joint
report of the United Nations Environment Program; Food and
Agriculture Organization of the United Nations (FAO); and
Intergovernmental Oceanographic Commission of the United
Nations Educational, Scientific and Cultural Organization (IOC-
UNESCO). Blue carbon research has steadily advanced, with
studies focusing on assessing the sequestration value of BCEs and
enhancing scientific knowledge to optimize carbon storage (Mcleod
et al,, 2011). Moreover, some studies have investigated blue carbon-
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climate change relationships for climate change mitigation
(Buditama, 2016; Kelleway et al., 2016). Studies exploring factors
influencing BCE conservation and management, such as biological
invasion, habitat characteristics, and human activities, exist
(Theuerkauf et al., 2017; Atwood et al., 2018). Furthermore,
researchers have pursued more precise data on blue carbon to
improve monitoring and support targeted conservation and
management strategies (Mitra and Zaman, 2015), including
innovations in ecosystem restoration technologies and research on
policy and economic incentives (Howard et al.,, 2017; Renzi et al,
2019; Macreadie et al., 2019). The multifaceted nature of the blue
carbon concept has also led to unprecedented interdisciplinary
collaborative research to advance the goal of blue carbon
codevelopment (Lovelock and Duarte, 2019; Krause-Jensen et al.,
2018). In March 2023, according to the meeting summary of the
“Earth Negotiations Bulletin” on solutions to marine challenges, the
role of marine ecosystem restoration in achieving sustainable
development goals was emphasized, and the current global marine
ecological environment was discussed. Challenges such as
biodiversity loss, climate change, land-based pollution, marine
debris, and microplastic pollution were identified (Eyre et al., 2023;
Petillon et al,, 2023). Despite active involvement from scientists,
policymakers, and research institutions domestically and
internationally, the complex and unique nature of blue carbon has
left various areas under-researched, thus necessitating further study
and breakthroughs (Coleman, 2023; Mack et al., 2022; Locatelli et al.,
2014). Therefore, a thorough analysis and review of the existing
literature on blue carbon research is necessary.

A bibliometric review is a methodology-based literature review. It
uses bibliometrics to quantitatively describe, evaluate, and monitor
data and can provide reasonable objective results through technical
and scientific mapping analyses (Pallis, 2019). Technical analysis
reveals contributions categorized by region, discipline, journal,
publication, and author information (Lyu et al., 2023; Ninkov et al.,
2022; Yu et al.,, 2024). Meanwhile, scientific mapping clarifies the
links between topics in a research field, thereby revealing the
knowledge structure and development process of blue carbon; it
analyzes published literature to assess key topics and trends in the
research field (Quevedo et al.,, 2023; Costa and Macreadie, 2022; Jiang
et al, 2022). In this study, ScientoPy (V.2.1.3) and VOSviewer
(version 1.6.17) were used to collect 4,604 valid blue carbon studies
published in the two databases of Web of Science and Scopus over the
past 30 years. Thus, bibliometric scores were obtained, and
reasonable objective results were provided. The specific objectives
are as follows: 1) to study the spatiotemporal distribution of blue
carbon and the contributions of journals, disciplines, and authors; 2)
to reveal the theme network and knowledge framework of blue
carbon research in the past 30 years; and 3) to explain the
evolution and trend of regions researching blue carbon hotspots
and keywords of hotspots. The research findings offer a
comprehensive and deep understanding of development trends in
the field of blue carbon research. Expected to inform future studies
and decision making, this analysis offers robust support and guidance
by focusing on the evolution of research priorities and hotspots.
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2 Methods
2.1 Data retrieval and processing

We used the Web of Science and Scopus databases as data
sources for the literature search. To obtain accurate records and
retrieve the search, we set the following parameters in the Web of
Science Core journal (hereinafter referred to as WOS). ((TS=(“blue
carbon”)) OR TS=(“mangrove*” OR “salt marsh*” OR “saltmarsh*”
OR “seagrass*” OR “sea grass*”)) AND TS=(“carbon sink” OR

*” OR “carbon emission*” OR “blue carbon*”

“carbon cycle
OR “carbon budget*” OR “carbon sequest*” OR “carbon storage*”
OR “carbon pool*” OR “carbon burial” OR “carbon stock*” OR
“carbon accumulation*” OR “carbon source”). The date range was
set from “1993-01-01” to “2023-11-30,” and 3,301 related papers
were retrieved by the index date. The following parameters were set
in the Scopus database to retrieve the search: title, abstract, keyword
search (“blue carbon”) OR (“mangrove*” OR “salt marsh*” OR
“saltmarsh*” OR “sea grass*” OR “seagrass*”) AND (“carbon sink”
OR “carbon cycle*” OR “carbon emission*” OR “blue carbon*” OR
“carbon budget*” OR “carbon sequest*” OR “carbon storage*” OR
“carbon pool*” OR “carbon burial” OR “carbon stock*” OR “carbon
accumulation*” OR “carbon source”). The date range was set from
“1993” to date, and 4,291 related papers were retrieved. In total,
7,592 articles were collected from WOS and Scopus databases.

To obtain scientific and effective data, ScientoPy preprocessing
step technology was used to improve the readability and accuracy of
the literature analysis (Table 1, Ruiz-Rosero et al., 2019).
Preprocessing eliminated 395 unusable articles, leaving 7,197
viable ones 3,232 and 3,965 from the WOS and Scopus databases,

TABLE 1 Database literature analysis.

[g}{e} Number Percentage
Original data 7592

Omitted papers by document type 395 5.2%
Total papers after omitted papers removed 7197

Loaded papers from WOS 3232 44.9%
Loaded papers from Scopus 3965 55.1%
Duplicated removal results:

Duplicated papers found 2593 36%
Removed duplicated papers from WOS 166 5.1%
Removed duplicated papers from Scopus 2427 61.2%
Duplicated documents with difference

cited by 1863 71.8%
Total papers after removing duplicates 4604

Papers from WOS 3066 66.6%
Papers from Scopus 1538 33.4%
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respectively. Given the overlap between the two databases,
ScientoPy’s duplicate removal filter reduced the total to 4,604
available documents 3,066 from WOS and 1,538 from Scopus.
Subsequently, we conducted further analysis on these
4,604 documents.

To verify data accuracy, we further placed the data in EndNote
X9 and performed a deduplication process. The data obtained are
consistent with the ScientoPy data.

2.2 Technical performance analysis

In this study, the growth and growth trends of blue carbon
literature published from 1993 to 2023 were analyzed using the
ScientoPy (2.1.3) version to calculate the annual number of
published documents. Similar methods were used to analyze the
contributions of journals, disciplines, and authors to blue carbon.

2.3 Scientific mapping analysis

This study employed keyword and term co-occurrence analysis
to reveal the evolution of hot topics in blue carbon research and
their correlation with subfields. Specifically, keyword co-occurrence
analysis aims to identify the most popular blue carbon and its
internal relations, while term co-occurrence analysis aims to show
the evolution of research priorities in blue carbon research by
creating a bibliometric map of frequently used terms in the text.

2.3.1 Keyword preprocessing and term extraction

The keywords of the collected 4,604 papers were preprocessed.
To accurately identify the content of each publication, we selected
author keywords as the analysis target. Furthermore, all keywords
were extracted using VOSviewer software (van Eck and Waltman,
2017). Keywords appearing more than 25 times were chosen for
subsequent analysis. Of these, 509 keywords related to blue carbon
were manually selected and retained for further analysis.

2.3.2 Co-occurrence analysis of keywords
and terms

This study used VOSviewer software to calculate and collect
4,604 papers, extract the number and average time of author
keywords, and analyze the co-occurrence of keywords. Co-
occurrence is the number of occurrences of two terms in the same
paper, and the average occurrence time of a term is the average
publication time of the document containing the term. For keyword
co-occurrence analysis, VOSviewer was used to calculate the number
and average time of author keywords extracted from the 4,604 papers
collected. Moreover, a bibliometric network of selected terms based
on term co-occurrence analysis was created. Through network
visualization, the relationship between selected keywords and
research hotspots over time was demonstrated and clarified.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1430545
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

2.4 Trend analysis

2.4.1 Average growth rate

To elucidate the development trends in blue carbon research
across countries, journals, disciplines, and authors, we used an
equation to calculate the average growth rate (AGR) of publication.

Sy Pi—Piy

AGR =
(Ye - Ys) +1

where Ys and Ye denote the beginning and ending years of the
selected period, respectively, and Pi represents the publication
number of year i. For one object, the rising trend attribute must
have a higher release growth rate, which can be reflected by
the AGR.

2.4.2 Percentage of literature in recent years
Through the study of recent literature percentage, the hot

journals, disciplines, and keywords of blue carbon-related

research in recent years are calculated using the following equation.

EiY;YSPi

PDLY = —<=F% 1
(Y,- Y, +1)- TND

-100 %

where PDLY is the percentage of recent literature. Ye = end of
year; Ys = the beginning of the year, the calculation method is the
Ye—(WindowWidth + 1); P;
publications on year 1; and TND = total number of literatures.
During the calculation, we set the WindowWidth to 5.

ScientoPy is used to calculate the yearly number of published

equation Ys = number of

documents and analyze the attention and contribution of each
country to blue carbon. Taking the time axis as the main line, the
trend analysis was performed based on keywords to reveal the
evolution of the theme of blue carbon research.

10.3389/fmars.2024.1430545

3 Results and discussion

3.1 Overview of the blue carbon
research field

3.1.1 Analysis of the number of published papers
on blue carbon

We found that the total number of blue carbon-related studies
in the two databases of WOS and Scopus increased rapidly, from 3
in 1993 to 734 in 2023 (Figure 1). In 2009, after the United Nations
released “Blue Carbon™ An Assessment Report on the Carbon
Sequestration Effect of a Healthy Ocean,” the academic term “blue
carbon” officially appeared in the public eye. Subsequently, in
August 2011, the systematic research literature on blue carbon
first appeared in the collection of WOS core journals, and the
research heat on blue carbon continued to rise. In 2012, the 18th
United Nations Climate Change Conference, the United Nations
Conference on Sustainable Development, and other gatherings by
international organizations were held to promote the further

2

development of the “blue carbon “ policy plan. These summits
emphasized the importance of marine and wetland ecosystems for
the absorption and storage of atmospheric carbon dioxide and
promoted the increase in blue carbon stocks through its
conservation and restoration. The following year, the number of
blue carbon papers increased significantly, with a total of 130
papers, a year-on-year (Yoy) growth rate of 64.47%. In 2018, the
Intergovernmental Panel on Climate Change “Special Report on
Global Warming of 1.5°C” highlighted the need for zero global CO,
emissions by the mid-21st century. In the same year, the literature
on blue carbon research surged once again, with 365 articles
published, and the (Yoy) growth rate was 54.66%. By 2023, the
number of blue carbon studies reached 734, with the popularity and
importance of blue carbon research on a global scale increasing.
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3.1.2 Contributions by journal

The contributions of journals related to blue carbon were
evaluated using the publication count. Over the past 30 years, the
number of journals publishing blue carbon-related content has
expanded significantly, increasing from only 2 journals to 995.
Figure 2 depicts the top 15 journals with blue carbon publications.
Science of the Total Environment has published the most relevant
blue carbon studies, totaling 197 articles, followed by Frontiers in
Marine Science with 158 articles, Estuarine Coastal and Shelf Science
with 139 articles, Limnology and Oceanography with 82 articles, and
Marine Ecology Progress Series with 80 articles. Among them,
approximately 90% of the blue carbon literature in the Remote
Sensing magazine was published within the past five years,
underscoring the active application of remote sensing technology
in blue carbon research. Although the total number of blue carbon-
related literature in the two journals of Forests and Ecological
Indicators is not large, approximately 85% of this literature was
published within the past five years, suggesting a growing emphasis
on blue carbon research within these journals in recent years.
Furthermore, notable contributions to recent blue carbon studies
have emerged in prestigious publications such as Science and Nature
journals, which played a leading role in advancing the blue carbon
research field to some extent. The number of research journals
dedicated to blue carbon continues to increase, providing an
expanding platform for researchers to disseminate their latest
findings and engage in academic discourse with their global
counterparts. These journals contribute markedly to promoting

10.3389/fmars.2024.1430545

scientific development and practical applications in the blue
carbon field by promoting research cooperation, knowledge
dissemination, and policy formulation.

3.1.3 Contribution by discipline

The research disciplines involved in blue carbon have developed
from 10 disciplines in 2009 to 51 disciplines in 2023, covering
different aspects, including Environmental Sciences & Ecology;
Marine & Freshwater Biology; Oceanography Geology (Donato
et al, 2011; Ouyang et al,, 2017; Zhu et al,, 2020); Geology,
Remote Sensing (Pham et al., 2019a; Zheng et al., 2019; Hawman
et al., 2023; Navarro et al., 2021); Public, Environmental &
Occupational Health (Tong et al., 2011; Ray et al., 2012; Lai et al,,
2022; Miyamoto et al., 2023); Energy & Fuels (Yong et al., 2022;
Zhao et al., 2022); Optics (Munir and Wicaksono, 2019; Svane et al.,
2022; Stovall et al., 2020); and Business & Economics (Jakovac et al.,
20205 Riegel et al., 2023; Tanner et al., 2019). This trend suggests
that blue carbon research is diversifying across disciplines, evolving
into a multidisciplinary topic of study. The number of papers
published in the top 15 disciplines related to blue carbon in the
past 30 years is shown in Figure 3. The most prominent subject
concerning blue carbon is Environmental Sciences & Ecology, with
1,780 blue carbon publications. Notably, 69.2% of these papers were
published in the past five years. Following closely are Marine &
Freshwater Biology with 709 papers and Oceanography with 383
papers, and 66% and 61% of these papers, respectively, were
published in the past five years. Furthermore, the observed 74%
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Cumulative number of BCE publications in the top 15 journals publishing BCE manuscripts between 1993 and 2023.
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of blue carbon literature in Remote Sensing and Imaging Science &
Photographic Technology published in the past five years indicates
the great potential of these disciplines in advancing blue carbon
research (Barenblitt et al., 2023). These two disciplines have
contributed markedly to the effective evaluation of blue carbon
research (Tran et al, 2022). Simultaneously, from the extensive
performance of the discipline of blue carbon research and with the
deepening and expansion of blue carbon research, its
interdisciplinary nature has become increasingly significant.
Moreover, increased disciplines will be involved in blue carbon
research, which has become an interdisciplinary and
multidisciplinary research topic.

3.1.4 Contribution by author

The cooperation networks of the most effective researchers and
authors were further analyzed. Duarte, C.M. has the most published
and coauthored literature, with 85 papers. The second is Macreadie,
P.L, with 81 papers, and the third is Lovelock, C.E., with 72 papers.
Macreadie, P.I and Lovelock, C.E. from Australia have studied BCEs
in various aspects, such as the climate solutions of blue carbon,
ecosystem restoration, and the value and management measures of
blue carbon (Macreadie et al., 2022; Serrano et al., 2019; Macreadie
et al,, 2017b). Duarte, C.M. from Spain studied and evaluated
seagrass carbon sink capacity, blue carbon accounting, and
climate change impacts on seagrass meadows and macroalgal
forests (Duarte, 2017; Duarte et al., 2013). The author
cooperation network diagram shows that 7 of the top 10 authors
are from Australia, consistent with Australia’s high research output.

By using VOSviewer, the cooperative connection strength of all
authors in the blue carbon literature was analyzed. The selection
criterion was set to include authors who had published 20 or more
articles. The findings showed that 60 out of 14,023 authors met this
criterion and were subsequently analyzed (Figure 4). The strongest
collaborator was found to be Duarte, C. M. of Spain, with the largest
number of connections and wide strength. The author’s cooperative
relationship diagram shows a close cooperative relationship
between Macreadie, P. 1., Duarte, C. M., Serrano, O., Lovelock, C.

Frontiers in Marine Science

E., and Friess, D. A. The analysis revealed a strong collaboration
network among developed countries (e.g., Australia, the United
States, and Spain). Although Chinese authors had a large number of
researchers and published literature in the field of blue carbon and
close domestic cooperation, the number and intensity of
international cooperation networks were limited. In addition, two
authors in Brazil and one author in Indonesia, which were located
on the upper left, also had this problem. Through in-depth analysis
of these cooperation networks, it was found that the cooperation
networks of developed countries were strong, and those of
developing countries were relatively weak. Developing countries
should take active measures to enhance blue carbon’s international
cooperation opportunities. Blue carbon development requires
global exchange and cooperation. Countries can share experience
and technological progress and strengthen international
cooperation in blue carbon projects to promote the sustainable
development of global blue carbon.

3.2 Research process of blue carbon: three
typical stages

A total of 406 most relevant terms were collected from the titles,
keywords, and abstracts of the publications, thus forming a co-
occurrence network. The research focused on dense areas in the
network. Further analysis of these areas found that the dense areas
are primarily centered on three clusters in Figure 5A. The
occurrence time is indicated by the color in Figure 5B.
Furthermore, the analysis and interpretation of the co-occurrence
network revealed that blue carbon is divided into three stages.

3.2.1 Stage 1

In the first stage (the blue cluster of Figure 5B), primarily from
1993 to 2009, the co-occurrence network shows that the terms
“carbon budget,” and “carbon isotope” appear quite early and are
closely related to terms such as “mangrove” and “seagrass.” During
this period, the research content was mainly to evaluate the carbon
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storage in marine ecosystems, such as mangroves and seagrass beds;
estimate the carbon absorption and storage of these ecosystems
through measurement and monitoring; and understand the carbon
cycle mechanism in marine ecosystems, including carbon input,
transformation, and output processes, and the role of ecosystems in
them. For example, the relationships between photosynthetic rate
data and irradiance, stand structure, and stable isotope analysis are
used to understand and evaluate the storage and flow of blue carbon
in ecosystems (Clough, 1998; Pena et al., 1999). In terms of research
methodology, scientific methods, such as field observation and
monitoring, biological sample analysis, and ecological models, are
often used (Smit et al., 2005; Bouillon and Boschker, 2006).
During this period, the content and methods of blue carbon
research were relatively simple, primarily focusing on the
preliminary understanding of carbon storage and ecosystem
functions of mangroves and seagrass beds (Duarte et al., 2005;
Lovelock, 2008). With the deepening of the understanding of blue
carbon, the attention gradually increased in subsequent research.

3.2.2 Stage 2

The second stage is shown in the green clustering in Figure 5B.
From 2009 to 2017, the co-occurrence network reveals that the most

Frontiers in Marine Science

frequently used terms in this stage include “mangrove,” “blue
carbon,” “carbon cycle,” “carbon sink,” and “salt marsh.” As
shown in the light green and green project node groups in
Figure 5B, the most studied term is “mangrove” in BCEs. As the
concept of “blue carbon” was put forward in 2009, the content and
technology of blue carbon-related research are also
gradually expanding.

As a key BCE component, mangroves are forests with high
carbon sequestration efficiency. Compared with the first stage, the
number, content breadth, and depth of mangrove literature
research in this stage have obvious changes. The frequencies of

» «

keywords such as “carbon sequestration,” “carbon sink,” and
“carbon storage” related to mangroves in BCEs exceed those of
other keywords (the cluster in Figure 5B). Increasing carbon sinks,
estimating carbon storage, and understanding the carbon cycle
remain the focus of research during this period (Lunstrum and
Chen, 2014; Peng et al., 2016). For example, due to the high carbon
sequestration potential of mangroves, several countries have
launched mangrove reforestation and afforestation plans to
balance the needs of human development and the conservation of
mangrove ecosystems (Richards and Friess, 2017). Studying the
adaptability of mangrove ecosystems to climate change and the
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effects of climate change on their distribution, growth, and function
can aid in formulating strategies for protecting and managing
mangroves (Castillo et al., 2017; Estrada et al., 2015; Escobedo
et al, 2010; Beaumont et al, 2014). Furthermore, studies have
shown that mangroves provide habitats for a variety of animals and
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plants and participate in complex food webs. The maintenance of
biodiversity plays an important role in ecosystem stability and
climate regulation (Kulawardhana et al,, 2015; Tu et al, 2015;
Tokoro et al, 2014). Mangroves play a key role in biodiversity
conservation, and their ecosystem services are critical to ecosystem
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stability, including climate regulation. The research results
produced at this stage deepen the scientific community’s
understanding of mangrove ecosystems and provide important
scientific information for the next stage of research (Jiao et al,
2015; Alongi and Mukhopadhyay, 2015).

During this period, the research methods in this field changed
significantly, including the use of stable isotopes, remote sensing,
biomass models, land measurements, spectrometer data, and other
technical means (Abdul Aziz et al.,, 2015; Dantas et al., 2011; Byrd
et al., 2014; Jardine and Siikaméki, 2014; Friess et al., 2016; Xiong
et al,, 2018; Vo et al, 2015). The application of these new
technologies enables scientists to effectively monitor the growth
status, trends, and ecosystem functions associated with climate
change in mangrove forests. Moreover, it offers deeper insights
into the role of mangroves in biodiversity conservation, ecosystem
stability, and climate regulation, as well as a more reliable basis for
future climate change adaptation and conservation plans. For
example, Hutchison J. and other researchers drew a spatial
distribution map of the global mangrove potential aboveground
biomass model of the global mangrove and estimated the global
mangrove potential biomass, confirming the importance of
mangroves in carbon accounting (Hutchison et al., 2014; Shapiro
et al., 2015; Ya et al., 2015; Leopold et al., 2013).

As an extensible and comprehensive concept, blue carbon first
appeared in the research literature in 2011 (Mcleod et al., 2011), and
the follow-up research content and research methods continue to
increase. Through systematic investigation and measurement,
researchers have calculated and evaluated carbon storage in
different BCE types and the effects of related factors on carbon
storage (Miteva et al., 2015; McOwen et al,, 2017; Serrano et al.,
2014). Numerous studies have explored the effects of climate
change, human disturbance, sea level rise, and other factors on
BCEs, along with their potential impacts on blue carbon storage and
ecosystem stability (Ewers Lewis et al., 2019; Schile et al., 2017;
Serrano et al,, 2016). The 2015 Paris Climate Agreement first
mentioned BCEs, such as mangroves, salt marshes, and seagrass
meadows, as important means of mitigating climate change. Thus,
people began prioritizing the potential role of blue carbon
conservation in climate change response, and some countries and
international organizations began formulating relevant policies and
support BCE conservation and restoration (Herrmann et al., 2015;
Canu et al., 2015; Sutton-Grier et al., 2014). As the concept of blue
carbon is gradually proposed and recognized, people began to
realize the potential role of BCEs in the carbon cycle and climate
change mitigation. This improvement in cognition has proliferated
blue carbon research.

3.2.3 Stage 3

The third stage (the yellow-green clustering in Figure 5B) is the
deepening research stage of blue carbon from 2018 to the present.
For example, in yellow clustering, the keyword with the largest node
is blue carbon. During this stage, blue carbon emerges as a focal
point. From the perspective of research breadth and depth,

» o« » o«

keywords such as “carbon sequestration,” “carbon,” “climate

» o« »

change,” “ecosystem,” “biomass,” and “remote sensing” involve

cross-cooperation in multiple disciplines such as marine ecology,
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biogeochemistry, and environmental economics. The focus of this
phase is to deeply understand the role of BCEs in the global carbon
balance and begin the prioritization of the potential impact of blue
carbon on the environment, economy, and policy.

BCE conservation has been prioritized in marine management,
garnering significant interest from scientists and coastal
communities (Cuellar-Martinez et al., 2020). In the yellow cluster
of Figure 5B, the frequencies of keywords such as “carbon

» o«

sequestration,” “carbon,” and “carbon storage” related to blue
carbon still exceed those of other keywords. Studying BCE’s role
in carbon sequestration and sinks and estimating blue carbon
biomass and carbon storage remain a research hotspot at this
stage. For example, Orth et al. published a 20-year large-scale,
successful seagrass restoration project, demonstrating that seagrass
restoration increases blue carbon stocks (Orth et al., 2020). Sasmito
et al. (2019) believed that the restoration of damaged BCEs can
increase their carbon sequestration capacity. Moreover, the
restoration of damaged seagrass beds or mangroves can increase
the carbon storage of these ecosystems, thus indirectly promoting
carbon sequestration. Lovelock et al. found that macroalgae may be
considered as a blue carbon ecosystem in the future (Lin et al., 2021;
Lovelock and Duarte, 2019; Krause-Jensen et al., 2018). Macroalgae,
through photosynthesis, can accumulate substantial amounts of
carbon within their bodies. Additionally, upon death and
deposition, they facilitate the long-term storage of organic carbon
in sediments. The restoration and expansion of natural macroalgae
farms can increase the impact of carbon sinks. Research on the
promotion of blue carbon storage needs to strengthen conservation
by restoring and conserving lost coastal habitats. Blue carbon is
intricately linked to carbon sequestration, cycling, and storage, as it
collectively addresses the mechanisms and impacts of carbon
retention and circulation within marine and coastal
environments. By studying blue carbon, we can better understand
and use the role of marine ecosystems in the global carbon balance.
As the core themes of blue carbon research, “carbon sequestration,”
“carbon,” and “carbon storage” continue to influence people’s
understanding and attention to the carbon cycle of marine and
coastal ecosystems. Furthermore, the keyword “biomass” with
larger nodes directly affects the carbon sequestration capacity of
the blue carbon ecosystem. Plants absorb carbon dioxide through
photosynthesis and convert it into organic matter, which is stored in
plants and deposited in soil or water after death, thus forming long-
term carbon sequestration. Maintaining and increasing the biomass
of ecosystems can effectively promote carbon sequestration and
mitigate the effects of climate change (Saintilan et al., 2013;
Christianson et al., 2022; Gao et al., 2022; Carnell et al., 2022).

As a prominent keyword for this stage, “remote sensing” plays
an important role in monitoring and maintaining BCEs. With the
development of “remote sensing” image accuracy, blue carbon
research methods and technologies have been developed and
innovated. For example, it is an innovative and efficient method
to map, monitor, and predict the blue carbon ecosystem by using
satellite images and remote sensing technology, multi-spectral
sensors, synthetic aperture radar, drones, and new machine
technologies such as the Logistic model, the InVEST coastal
Vulnerability, and the coastal blue carbon biogeochemical digital
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model. This comprehensive use of technical means and models for
blue carbon monitoring and assessment can effectively help to
understand important information such as greenhouse gas
emissions, organic carbon sequestration, and inventory changes
(Mack et al, 2023; Hernandez-Blanco et al., 2022; Yang, 2017;
Poulter et al., 2023; Samper-Villarreal et al., 2018; Vazquez-Lule
et al., 2022; Carlson et al., 2023; Pham et al., 2023; Doodee et al.,
2023). Remote sensing, when combined with new technologies,
enables the accurate discovery, monitoring, and evaluation of areas
rich in carbon reserves. Moreover, it provides critical data on the
distribution and trends of blue carbon resources, offering broader
perspectives and more in-depth research methodologies for blue
carbon studies. This approach further supports environmental
conservation and promotes sustainable development. Remote
sensing as a hot topic in this period will be increasingly used.

As an important keyword at this stage, “climate change” has
attracted increased attention in blue carbon research (Chefaoui et al.,
2018; Doughty et al., 2016). For example, in addition to providing
ecosystem services in traditional marine wetland ecosystems, such as
salt marshes and mangroves, studies have shown that carbon
neutrality can also be achieved by planting large algae (e.g., kelp
and seaweed) in offshore areas, thereby mitigating the impact of
climate change (Guimond et al., 2020; Queiros et al., 2023, 2019;
Oueslati et al., 2019; Duarte et al., 2021). Concurrently, climate
change can markedly alter the carbon storage capacity of coastal
wetlands. Under extreme weather conditions, mangroves may perish,
with degraded mangroves resulting in a substantial reduction of blue
carbon and markedly decreased carbon storage capacity (Senger et al.,
2021; Chatting et al., 2022; Han et al.,, 2022). Recent in-depth research
has underscored the significant role of blue carbon in regulating
climate change and its substantial impact on global climate dynamics
(Wang et al., 2021). Studying blue carbon is crucial for coping with
climate change. Climate change is a hot topic in blue carbon research.
Ecosystem services form a multidimensional concept closely related
to climate, ecology, people, and culture (Hilmi et al., 2021; Osland
et al, 2022). In recent years, marine ecosystem degradation,
biodiversity decline, habitat degradation, loss, and fragmentation
have become prominent problems, resulting in the loss of
ecosystem services supporting the Earth (Hagger et al, 2022;
Temmink et al., 2022). Countries are committed to conserving and
restoring valuable ecosystem services. Supporting the absorption and
storage of blue carbon from CO, through the conservation of natural
ecosystems with high carbon sequestration capacity has become an
international consensus. Therefore, ecosystem services, another hot
topic of blue carbon during this period, contribute markedly to ocean
and coastline management (Quiros et al., 2021; Yadav et al,, 2023).

In addition, we can clearly see “conservation,” “management,”
restoration,” and other keywords from Figure 5B. As research into
blue carbon deepens, its significant environmental, economic, and
policy values are being progressively recognized and explored. For
example, blue carbon conservation and utilization are essential for
maintaining marine and wetland ecosystem health, as well as
biodiversity and ecological balance (Wedding et al., 2021); the
rational development and use of blue carbon resources creates a
carbon trading market, provides enterprises with opportunities for
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carbon emission trading, and promotes carbon emission reduction
and the development of a low-carbon economy (Luisetti et al.,
2019). The international community has begun to gain a deeper
understanding of the importance of conserving and restoring blue
carbon and marine ecosystems (Wang et al., 2023). By conserving,
planting, and restoring BCEs, countries directly offset their carbon
emissions, restore and conserve isolated ecosystems, and promote
other ecosystem services (e.g., coastal protection, timber, and
fisheries; Tyllianakis et al., 2019). Some countries and regions
have begun to develop policies and conservation frameworks to
promote the conservation and sustainable management of blue
carbon, including the establishment of marine protected areas,
restoration of wetlands, and development of relevant
management plans (Macreadie et al., 2017a; Mossman et al,
2022; Vanderklift et al.,, 2022; Duncan et al., 2022; Akhand
et al., 2023).

These three typical stages can guide researchers in
understanding blue carbon research advancements. In the future,
the research direction and future research hotspots can be
determined according to the development stage of blue
carbon analysis.

3.3 Analysis of blue carbon-related trends

3.3.1 Trend analysis of blue carbon countries

As shown in Figure 6A, the geographical distribution of blue
carbon research by correspondent author or author country reveals
that the correspondent authors of the publication are from 143
countries. Among them, the United States (1237 articles), China
(1127 articles), and Australia (717 articles) are the leading three
countries in blue carbon research. The top ten countries list in blue
carbon research is completed by the United Kingdom, Indonesia,
Spain, India, Japan, Germany, and Brazil. Among them, countries
with coastlines and large areas of marine wetlands, such as
Australia, the United States, Indonesia, and Brazil, have made
important progress in the study of blue carbon and have taken
some measures to conserve and manage marine wetlands for carbon
dioxide emissions reduction and carbon storage promotion.
Mitigating climate change, promoting blue carbon research, and
promoting sustainable development is crucial. Moreover, recently,
as one of the world’s largest developing countries, China has made
continuous progress in the study of blue carbon, demonstrating its
concern for marine ecosystems and the carbon cycle.

As shown in Figure 6B, we applied the AGR method to calculate
the number of papers published by different countries and derived
the AGR values for blue carbon literature from the past 30 years by
segmenting it into five-year intervals. Five typical countries were
selected for analysis, and similarities in the trends of publications
were observed between the United States and Australia, both of
which decreased after the peak. To a certain extent, this observation
reflects that the developed countries represented by the United
States and Australia have slowed the speed of blue carbon research
in recent years, possibly due to the upgrading of research methods
and research contents. As the country with the second largest

frontiersin.org


https://doi.org/10.3389/fmars.2024.1430545
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

number of publications, China’s AGR has demonstrated an upward
trend in the past three years, which is similar to India’s trend. As a
developing country, attention to blue carbon has gradually
increased in recent years. As a third-world country, South Africa
has less literature on blue carbon, and the trend is not significant.
However, to a certain extent, this finding reflects that some third-
world countries are gradually paying attention to and investing in
blue carbon research.

A

10.3389/fmars.2024.1430545

3.3.2 Analysis of the evolution of blue
carbon keywords

The total number of publications, time of appearance, and
connection with other topics have affected the evolution trend of
hotspots in blue carbon research. In this paper, ScientoPy software
was used to extract the author keywords in the literature with the time
axis as the main line and analyze the number of keywords in different
years and percentage of literature in recent years, revealing the evolution
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National trend analysis chart of blue carbon: (A) Geographical distribution of studies on BCEs by country. (B) Trends in the growth rate of BCE

research in the United States, Australia, China, India, and South Africa.
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of research hotspots for blue carbon. As shown in Figure 7, in recent
years, the related research on keywords such as “blue carbon,”
“mangroves,” and “climate change” has increased linearly, indicating
that increased attention and research on these topics. The specific data
showed that blue carbon research has risen from 2 instances in 2011 to
775 presently, and publications from the past five years account for more
than 74.7% of the literature. These data suggest that interest in and
demand for blue carbon are growing rapidly, indicating that blue carbon
research has become one of the mainstream topics in the fields of
ecology, environmental science, and climate change. Furthermore, the
more prominent keywords are mangroves and climate change. The
number of mangroves was 716, and the percentage of literature
published in the past five years was 57.3%. As a key BCE component,
mangroves are a hot topic in blue carbon research. Furthermore,
“climate change” appeared 375 times since 2008, and the percentage
ofliterature published in the past five years is 70%. This trend reflects the
increasing attention and concern of the global community on
environmental issues, climate change, and related ecosystems. In
addition, other mentioned terms include carbon sequestration,
seagrass, salt marsh, ecosystem services, remote sensing, restoration,
and hotspots (Orth and Heck, 2023; Rogers et al., 2019). Among them,
the percentage of literature on restoration in the past five years exceeds
80%, thereby suggesting that BCE restoration has been a hot topic in blue
carbon research in recent years. Moreover, the percentage of literature on
remote sensing in the past five years surpasses 75%, indicating that the
research and application of remote sensing technology in this field is
becoming increasingly extensive and mature. The aforementioned
development trends reflect the increasing attention that the global
community is paying to environmental issues, climate change, and
related ecosystems. Blue carbon (e.g., mangroves, seagrasses, and salt
marshes) plays a key role in climate change mitigation, carbon storage,
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ecosystem conservation, and marine health, and it has attracted broad
attention from researchers, policy makers, and the public (Pham et al.,
2019b; Conrad et al., 2019).

Deepening the analysis of the development stage of specific blue
carbon (ie., the three typical stages in Section 3.2) can reveal
information on the evolution of the popularity of blue carbon
research content and future development trends. The analysis
revealed a rapidly increasing number of publications on blue
carbon literature in the past five years. We further analyze the
author keywords of the blue carbon literature in the past five years
(Figure 8A). In the selection of the first 20 keywords, the annual
average increment rate of keywords was calculated in 3-year
intervals. Figure 8B reveals that the trend factors of 18 keywords
are positive, one average growth trend factor is 0, and the remaining
one keyword trend factor is negative. In addition to “blue carbon,”

» » « »

“mangrove,” “climate change,” “seagrass,” “carbon sequestration,”
“remote sensing,” “restoration,” “conservation,” “methane,”
“macroalgae,” and other keywords have gradually attracted
attention. For example, with the serious loss and functional
degradation of BCEs, the restoration and conservation of blue
carbon resources has become a hot issue of widespread concern
in the international community. Methane and nitrous oxide
emissions reduce the value of habitats acting as carbon sinks.
Furthermore, in the blue carbon system, the value of stored
organic carbon in mitigating climate change may become a
research hotspot. Recent years have seen growing interest in
macroalgae as a potential hotspot for blue carbon research (Ross
etal, 2023; Schultz et al., 2023). Conversely, despite a negative AGR
in salt marsh publications over the past three years, the volume of
research remains substantial, likely suggesting the significant

progress in related studies.
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4 Conclusion

Employing bibliometric-integrated ScientoPy and VOSviewer
software, we conducted a quantitative analysis of 4,604 blue
carbon-related studies from the WOS and Scopus databases
spanning 1993 to 2023. The literature on blue carbon exhibits a
rapid growth trend, with an increasing number of journals focusing
on this area. This expansion allows more related research to be
published across various journals, thereby promoting the further
development and deepening of blue carbon studies. Furthermore,
blue carbon research involves multiple disciplines and
interdisciplinary cooperation, promoting exchanges and
cooperation in more fields. Increased researchers are engaging in
blue carbon research, and this area has gradually become an
international cooperation research topic.

As a concept and research field, blue carbon has gone through
three stages of development involving different focuses and research
directions. (1) Blue carbon budding stage: From 1993 to 2009,
scientists began examining the carbon storage and ecosystem
functions of seagrasses, salt marshes, and mangroves. This stage
witnessed a lack of in-depth understanding of the role of marine
vegetation, especially mangroves and seagrass beds, in absorbing
and fixing carbon, with carbon storage and ecosystem services in
marine ecosystems receiving limited attention. (2) The concept of
blue carbon: In 2009, the concept of blue carbon was proposed, and
mangroves in BCEs emerged as a hot topic during this period. With
the in-depth study of mangroves as a key BCE and the warming of
climate change issues, people began realizing the potential role of
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BCEs in the carbon cycle and climate change mitigation. To a
certain extent, increased research on blue carbon has been spawned.
(3) Blue carbon deepening research: During 2018-2023, the focus is
to deeply understand the role of BCEs in the global carbon balance
and begin prioritizing the potential impact of blue carbon on the
environment, economy, and policy. With much research supporting
the potential response of blue carbon to climate change and its
importance to ecosystem services, blue carbon has gradually
become part of the international environmental policy and
sustainable development agenda. People began to explore how to
conserve and manage marine ecosystems to maximize their carbon
storage capacity. Blue carbon research involves the cooperation of
marine ecology, biogeochemistry, environmental economics, and
other disciplines. Moreover, blue carbon research has gradually
developed from being a single, simple, and decentralized area to
becoming a comprehensive, complex, and networked area.

The trend analysis of blue carbon research shows that developed
countries prioritize climate change and environmental
conservation; hence, the attention to blue carbon is earlier and
more prominent, but the research has reached a certain peak.
Meanwhile, in developing countries, attention to blue carbon is
gradually increasing. Third-world countries face economic, social,
and environmental challenges to a large extent; therefore, their
attention to blue carbon may be relatively low. The trend analysis of
keywords revealed that BCE restoration and conservation are
receiving increasing attention. Remote sensing, the most
commonly used technology in the field of blue carbon research in
recent years, has been actively applied. In blue carbon studies,
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increasing carbon sink capacity and mitigating climate change,
as well as carbon sequestration of macroalgae have consistently
remained potential hotspots in blue carbon research advancements.
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