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Climate change research on major aquatic species assists various stakeholders (e.g.
policymakers, farmers, funders) in better managing its aquaculture activities and
productivity for future food sustainability. However, there has been little research on
the impact of climate change on aquatic production, particularly in terms of scientometric
analyses. Thus, using the bibliometric and scientometric analysis methods, this study was
carried out to determine what research exists on the impact of climate change on aquatic
production groups. We focused on finfish, crustaceans, and molluscs. Data retrieved from
Web of Science was mapped with CiteSpace and used to assess the trends and current
status of research topics on climate change associated with worldwide aquatic
production. We identified ocean acidification as an important research topic for
managing the future production of aquatic species. We also provided a comprehensive
perspective and delineated the need for: i) more international collaboration for research
activity focusing on climate change and aquatic production in order to achieve the United
Nations Sustainable Development Goal by 2030; ii) the incorporation of work from
molecular biology, economics, and sustainability.

Keywords: aquaculture production, climate action, crustaceans, environment, finfish, molluscs, sustainable
development goals (SDG), state of world fisheries and aquaculture

1 INTRODUCTION

The process of climate change is being accelerated due to human activities negatively impacting the
environment (e.g., burning fossil fuels, land clearing, and agricultural activities releasing greenhouse
gases to the atmosphere), and is currently leading to an overall increase in global temperature. As the
ocean absorbs the majority of excess heat (e.g., Sun energy/solar radiation) from this warming, it acts
as a buffer for terrestrial life. Consequently, this leads to serious impacts on ocean ecology. This issue
has been highlighted in the United Nations Sustainable Development Goals (SDG), where goal 13
states we must “take urgent action to combat climate change and its impacts” (UN SDG, 2021). One
aspect that requires urgent action is combating the effects of climate change on oceanic productivity
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(Steeves et al., 2018; Thakur et al., 2018; Sainz et al., 2019;
Heasman et al., 2020; Maulu et al., 2021). This includes many
marine fisheries, as decreases in productivity of marine capture,
particularly in tropical regions such as Africa and Asia (Cheung
et al., 2010; Pauly and Cheung, 2018; Oremus et al., 2020), are
increasingly common.

Since 2010, the Food and Agriculture Organization has
collected data on the main species produced in global
aquaculture, specifically three different groups of finfish,
crustaceans, and molluscs (FAO). Previously, the world’s
major species production were divided into six different
groups including: freshwater fishes, diadromous fishes, marine
fishes, crustaceans, molluscs, and other aquatic animals not
elsewhere included (FAO, 2011). Aquatic algae were excluded
from the list of aquatic species produced because they were
regarded as a non-animal item. These lists are managed by
The State of World Fisheries and Aquaculture (SOFIA) (FAO,
2021), which aims to provide comprehensive, objective, and
global views on fisheries and aquaculture related data to
policy-makers, civil society, and those whose livelihoods
depend on aquatic resources. The top two major species
produced in the world for finfish, crustaceans and molluscs
are, respectively: i) grass carp, Ctenopharyngodon idellus and
ii) silver carp, Hypophthalmichthys molitrix; i) Whiteleg
shrimp, Penaeus vannamei and ii) red swamp crawfish,
Procambarus clarkii; and i) cupped oysters nei, Crassostrea
spp. and ii) Japanese carpet shell, Ruditapes philippinarum
(FAO, 2020). These six species have seen important increases
in annual production since 2010, where their total production
accounted for almost half of the global production of all 466
managed species in 2018 (47.8%). The importance of managing
aquatic production responsibly is thus widely prioritized and
recognized. As climate change influences the aquatic
environment, understanding these impacts on major species
production is truly needed.

Various authors have conducted studies on the impact of
climate change on aquaculture activities, mostly in review-based
studies (Callaway et al., 2012; Rosa et al., 2012; Froehlich et al.,
2018). However, research on the impact of climate change on
aquaculture production specifically is limited, especially in terms
of scientometric-based analysis. As a result, there is an urgent
need to assess the current literature surrounding the impacts of
climate change on major aquatic production to improve
management and risk assessment of aquaculture activities and
its future productivity.

In this study, bibliometric and scientometric analyses were
combined to analyze global trends of climate change research
regarding the top globally produced finfish, crustacean, and
mollusc species. Scientometric study usually refers to the
analysis of analyzing and measuring currents patterns of
available scientific literature (Azra et al., 2021). Nalimov and
Mulcjenko (1971) were first to define scientometrics as “the
quantitative methods of research on the development of
science as an informational process”. Scientometrics is also
known for its ability to synthesis quantitative literatures
systematically and comprehensively. Recently, it has also
become an essential tool for assessing a researcher’s research

and development, collaboration, and academic quality. Various
tools can be used to determine relevant subject areas such as
VOSviewer, CiteSpace, etc. (Zhou and Song, 2021). To our
knowledge, the present article is the first report detailing
scientometric analysis on climate change impacts on major
aquaculture species produced worldwide. We are specifically
interested in the following questions:

RQ1. What are the overall publication trends in terms of
publication output?

RQ2. Where is this research area situated on the map of Web
of Sciences database?

RQ3. Who are the dominant knowledge carriers in these
areas?

RQ4. What are the dominant topics/clusters, and what is their
temporal evolution?

RQ5. What are the impactful publications and keywords for
these areas?

Answering these research questions will help inform the
current body of research and identify important research gaps
regarding the impacts of climate change on aquatically produced
species.

2 METHODS

Scientometric analysis is a date and information visualization
analysis tool that can explore important changes along with the
development trends of a research domain (Chen and Song, 2019).
This analysis has been regarded as an important tool to
summarize historical research achievements and reveal what
direction future research trends should take. The details for
the research framework used in this study is shown in Figure 1.

2.1 Data Source
We used Web of Science (WOS) databases to conduct a literature
search for the scientometric analysis. We chose to focus on WOS
instead of other databases such as PubMed, Google Scholar, or
Scopus, due to the efficiency with which WOS can extract
bibliographic data from search results (Azra et al., 2022).
According to Meho and Rogers (2008), WOS indexed
publications have the highest data quality of literature and the
most authenticated information when compared to other
database platforms. Furthermore, the result for visual analysis
coding using the WOS database is more compatible with the
CiteSpace software used for data analysis in this study (Chen
2004). The WOS searches were based on the “topic” (TS) field,
which includes article titles, abstracts, keywords, and “KeyWords
Plus” (automatically generated terms pulled from the titles of
cited articles).

2.2 Article Search
A robust set of search keywords are key for quality literature
syntheses (Azzeri et al., 2020). A good search keyword can
retrieve the most relevant influential studies. Search keyword
formulation begins by applying the PEComethod for formulating
research objectives/questions, where “P” stands for Population,
“E” stands for Exposure and “Co.” for context.
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The primary goal of our scientometric analysis was to
examine recent trends in research regarding the effects of
climate change on the top aquatic production groups,
namely finfish, crustaceans, and molluscs. Our “Population”
keywords focused on Aquatic Species Production, specifically
for animals; keywords on Climate Change were our
“Exposure” terms. No “Context” component was included
as this criterion is discussed in the result analysis. The
search was conducted on 5 September 2021. The search
strings are presented below.

2.2.1 Population Keywords—Selection of Species
Species’ common names were based on the FAO catalogue
published in their respective website or referred to on their
“Cultured Aquatic Species Information Programme”
(Supplementary Appendix S1A). For molluscs, we chose
species based on the available fact sheet provided by the FAO,
particularly the Cupped oysters nei, Crassostrea spp. According to
FAO terminology, the “nei’’ is defined as “not elsewhere
included,” which is when the species cannot be identified, and
more than one species is included in the same group. However,

FIGURE 1 | Methodological framework for the current study.
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we chose the species based on the FAO Cultured Aquatic Species
Information Programme or Introduced Species Fact Sheets in
which the species was listed as a cultured species for the genus
Crassostrea. For each of the three groups (finfish, crustaceans,
molluscs), we list the top twomajor species produced globally and
their associated references in Supplementary Appendix S1A. To
identify articles based on these six species, the following key terms
were used:

TS= ((“grass carp”) OR (“white amur”) OR
(“Ctenopharyngodon idellus”) OR (“silver carp”) OR
(“Hypophthalmichthys molitrix”) OR (“whiteleg shrimp”) OR
(“white shrimp”) OR (“penaeus vannamei”) OR (“litopenaeus
vannamei”) OR (“red swamp crawfish”) OR (“Procambarus
clarkii”) OR (“pacific cupped oyster”) OR (“Crassostrea gigas”)
OR (“american cupped oyster”) OR (“Crassostrea virginica”) OR
(“mangrove cupped oyster”) OR (“crassostrea rhizophorae”) OR
(“japanese carpet shell”) OR (“ruditapes philippinarum”))

2.2.2 Exposure Keywords
Keywords associated with our topic “Climate Change” included:

TS=[(climat*) OR (“global warm*”) OR (“seasonal* variat*”)
OR (“extrem* event*”) OR (“environment* variab*”) OR
(“anthropogenic effect*”) OR (“multiple stres*”) OR
(“greenhouse effect*”) OR (“sea level ris*”) OR (erosio*) OR
(“agricult* runoff”) OR (“weather* variab*”) OR (“weather*
extrem*”) OR (“extreme* climat*”) OR (“environment*
impact*”) OR (“environment* chang*”) OR (“anthropogenic
stres*”) OR (“temperature ris*”) OR (“temperature effect*”)
OR (“warm* ocean”) OR (“sea surface* temperat*”) OR
(heatwav*) OR (acidific*) OR (hurrican*) OR (el-nino) OR
(“el nino”) OR (“la nina”) OR (la-nina) OR (drought*) OR
(flood*) OR (“high precipit*”) OR (“heavy rainfall*”) OR
(“CO2 concentrat*”) OR (“melt* of the glacier*”) OR
(“melt* ice*”)]

2.3 Eligibility Criteria
2.3.1 Inclusion Criteria
Articles retrieved from WOS searches were included in our
subsequent analyses only if they were published in peer-
reviewed journals and were written in English.

2.3.2 Exclusion Criteria
We excluded a study if it was not considered original research, if it
was published in a journal that did not conduct peer-review, or if
it was not written in English. Such studies may have included

proceedings papers, reviews, book reviews, abstracts, editorial
materials, letters, or news.

2.4 Data Analysis
To address our first research question, we used Excel to visualize
descriptive analyses for the number of publications, published
journals, authors, universities/institutes, and countries/regions
where the authors were affiliated with at time of publication.
Then, to answer research questions two through five, we used four
visualization analyses in CiteSpace Software. Section 2.4.1
describes CiteSpace techniques and tools in detail. Table 1
summarizes the techniques and tools used to answer the
research questions.

2.4.1 Scientometric Analysis
CiteSpace V version 5.2. R 2.3.26.2018 for 64-bit windows was
used for visualization and knowledge graph analysis because it
allows for the creation of multiple bibliometric networks and
the application of multiple methods of analysis (Chen, 2004;
Chen and Leydesdorff, 2014). The threshold setting was set at
“Top 50 N″ per slice, which allowed the selection of most cited
items from each slice to form a network based on the choice of
input value and multiple node types. Consequently, the top 50
most cited articles were displayed and ranked accordingly by
CiteSpace. The “Time Slicing” was set to 1981–2021 and “Years
per slice” at 1 year. To prune the generated network, the
“Pruning” parameter was chosen. All term sources in Web
of Science, including title, abstract, author keywords, and
keywords plus, were chosen for text processing.

2.4.1.1 Dual Map Overlay
We used dual-map overlay to investigate the inter-domain
specialty to specialty trends that connect research areas. The
citation link trajectory reveals multi-disciplinary relationships.
A change in trajectory from one to another indicates that a
paper from one discipline was influenced by other articles from
another discipline. Ovals represent the number of authors who
have published in the field and the number of relevant papers
that have been published. The width of the oval represents the
author-to-author ratio, while the height of the oval represents
the number of papers published. The retrieved literature was
divided into two categories: 1) cited journals and 2) citing
journals (i.e., the latter cited references from the former)
(Chen and Leydesdorff, 2014).

TABLE 1 | Overview of techniques and tools used to answer our research questions.

Id Research question focus Software Summary of techniques/tools

RQ1 Publication output trends Excel Descriptive analysis for number of Publications, published journals, authors, universities/institutes, and country/
region

RQ2 Research Area in WOS database CiteSpace Dual Map Overlay that shows inter-domain specialty, and specialty trends linking research areas
RQ3 Dominant knowledge carriers CiteSpace Co-citation Analysis for (Author, Journal, Country, Institutions, and Articles) to determine development status and

scientific structure for each variable
RQ4 Dominant topic/cluster CiteSpace Document Cluster Analysis to identify the tip cluster of research in focus areas
RQ5 Impactful publications and

keyword
CiteSpace Burstness metric used to determine influential publications and top keywords
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2.4.1.2 Co-Citation Analysis
Co-citation analysis is used to determine the status of scientific
development and changes in scientific structure. The co-citation
analysis generates a science map with nodes, connections, and
density values to show the main structure of selected variables
(for this study: i) Author, ii) Journal, iii) Countries, iv)
Institutions, and v) Articles) to obtain the cluster of co-citing
variables, where a co-citation instance occurs when two sources
are cited together in one paper (Chen 2004; Chen and Leydesdorff
2014; Aryadoust and Ang 2019).

A variable’s quality was assessed using degree, centrality, and
sigma (Chen et al., 2009; Chen et al., 2010). The degree value
represents the number of citations a variable receives from
another variable of the same type (e.g., the number of
citations one author receives from another author), with a
higher degree indicating more citations. Centrality is a
measure of influence that shows the degree to which the same
variables are close to each other, where variables with high
centrality have a greater influence on the network because
they connect more variables and thus more information and
paths pass through them. Sigma is the sum of the centrality and
burstness scores (described below), ranging from 0 to 1 where the
highest value is associated with high value research articles (e.g.
available raw data, scientifically analyzed data, etc.) (Chen et al.
2009; Chen et al., 2010).

2.4.1.3 Document Cluster Analysis
Based on the documents retrieved, multidimensional clustering
was used to identify research clusters in focus areas. Because log-
likelihood ratio (LLR) could provide the best results in terms of
uniqueness and coverage, it was used to automatically extract the
cluster label. “Timeline view” and “cluster view” were in the
Document Cluster Analysis was used to visualize the network’s
shape and form. The “timeline view” displayed a vertical range of
chronological time periods from left to right, whereas the “cluster
view” displayed a spatial network of colour-coded and
automatically labeled representations in a landscape format
(Chen 2004; Chen and Leydesdorff 2014; Aryadoust and Ang
2019).

The modularity Q index, average silhouette metric, and
centrality metric were used to assess the quality and
homogeneity of the document cluster analysis, as well as the
detected clusters (Chen et al., 2009; Chen et al., 2010). The
modularity Q index ranges between 0 and 1, with larger index
indicating higher reliability. The average silhouette metric has a
value between −1 and 1, where values greater than 0 indicate
greater homogeneity. Centrality is a measure of influence that
shows the degree to which publications or journals stand between
each other, where publications with high centrality have higher
influence on the network as they connect more publications or
journals and therefore more information and paths pass
through them.

2.4.1.4 Burstness Analysis
Citation burstness and sigma, both temporal metrics, were used
to identify influential publications and top keywords. Burst
detection is defined as a sudden increase in the number of

citations for a specific article, or “an abrupt elevation of the
frequencies [of citations] over a specific time interval,” as
indicated by a red ring around the node (Chen et al., 2009;
Chen et al., 2010). Sigma is the sum of the centrality and burstness
scores, ranging from 0 to 1, with the highest sigma value
associated with high-value research articles (Chen et al., 2009;
Chen et al., 2010).

2.4.1.5 Knowledge Map Identification
The parameters for knowledge map identification methods
include node, degree, burstiness, and centrality. The node is a
parameter used to determine the frequency with which a variable
has been cited, where a large node indicates a high number of
citations, and the line is the connection between the nodes,
indicating that these nodes appear in the same articles. Degree
refers to the number of connections between variables in the
knowledge map, with a higher Degree value indicating more
communication and cooperation between the same variables (e.g.
institutions, countries). The burstiness of a node is indicated by
red rings surrounding it. It shows where the articles begin to
“burst” and how strong the “burst” strength is. Purple rings
indicate a node’s centrality; a node with a high centrality indicates
a strategic position and the ability to bridge different nodes in the
chosen networks.

3 RESULTS

3.1 Descriptive Statistics
3.1.1 Evolution of Publications
Between January 1982 and June 2021, 2001 articles were
published that contained research about the impact of
climate change on aquatic production of one of the six
species of interest. The number of publications increased
from 1 in 1982 to 205 by 2020 (Figure 2). The number of
published articles increased annually, with a 10-years average
of 134 publications per year.

FIGURE 2 | Number of research articles regarding climate change
impacts on aquatic production of the top six aquaculture species published
annually since 1980.
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3.1.2 Productive Authors
Since 1980, only five authors produced more than 20
publications related to the effect of climate change on the
production of the world’s top six cultured species (Figure 3).
Out of a total of 6,762 authors, only 1,507 authors (22.29%)
contributed more than one article. Soares AMVM published

the most publications with 51, followed by Freitas R (50
publications) and Figueira E (43 publications).

3.1.3 Top Institutions
Figure 4 shows the top ten institutions in terms of total
publications. With 146 publications, the Centre National De

FIGURE 3 | Top ten most productive authors for the time period 1980 to 2021, regarding research on climate change impacts on aquatic production of six
aquaculture species.

FIGURE 4 | Number of publications from the top ten (of 1806) institutions that have researched impacts of climate change on the top six aquaculture species.

FIGURE 5 | Number of publications from the top ten journals containing research about climate change impacts on aquatic production of the top six aquaculture
species published between 1980 and 2021.
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La Recherche Scientifique Cnrs, France was the leading
institution, followed by Ifremer (France) (127 publications)
and the Chinese Academy of Sciences (China) (89
publications). Institutions produced 1.1 articles on average.

3.1.4 Productive Journals
Figure 5 illustrates the top ten journals by number of
publications. In total, we identified eligible articles from 466
journals. Of these, Aquaculture had the most publications
(105), followed by Journal of Shellfish Research (94
publications), and Marine Ecology Progress Series (74

publications). On average, most journals produced 4.23
articles within the 38 years of publication (1982–2021).

3.1.5 Regional Distribution
Figure 6 shows the ranking of countries that have published
research related to climate change and aquatic species
production. The number of publications is scaled from one
to 631 on a gradient from white to dark blue. There were 85
countries with relevant publications, where the top five
countries accounted for 69.51% of total publications. The
United States of America had the most publications (631),
followed by China (291 publications), and France (224

FIGURE 6 | Number of publications produced from countries around the world. Dark blue represents the highest total number of publications, whereas lighter
shades represent fewer publications.

FIGURE 7 |Dual map overlay on impact of climate change onmajor aquatic species production in the world. Points represent literature, ellipses represent groups of
subject matter, and directional lines represent connection between subjects. Each unique discipline is represented by a different colour.
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publications). The remaining countries had a mean of 10.5
publications.

3.2 Scientometric Analysis
3.2.1 Dual-Map Overlay
Figure 7 illustrates a dual-map overlay for research on the
global impact of climate change on major aquatic species
production. Dual-map overlay identifies the most
productive disciplines using the photovoice method and the
intellectual foundation of this domain. Based on the thickness
of the blue line in the map, “Ecology, Earth, and Marine” is the
most productive discipline. The majority of the publications in
“Ecology, Earth, Marine” were cited from four sub-disciplines:
i)“ Earth, Geology, Geophysics”; ii)“ Environmental,
Toxicology, Nutrition”; (iii) “Plant, Ecology, Zoology” and
iv) “Molecular, Biology. Genetics”.

3.2.2 Co-Citation Analysis
Co-citation analysis generates a science map that includes nodes,
connections, and density values to show the main structure of a
selected variable’s development status and changes over time. The
results of co-citation analysis for author, journal, country/region,
institution, and article document are shown below.

3.2.2.1 Author Co-Citation Analysis
There were 736 nodes and 3,085 connections in the author co-
citation network. The co-citation network density value was
0.0114, indicating that there is very little coordination and
cooperation between authors. Density values represent the
percentage of actual links between authors divided by the
probability link. Higher density means higher connectedness
between authors in these domain areas. The degree value
represents the number of citations an author receives from
another author for the same articles, where higher degrees

indicate higher citations. Centrality is a measure of influence
that shows the degree to which an author has on another’s, where
an author with high centrality in the network is also one that has a
great influence on the domain area’s behavior (e.g. Author A is
cited by author B and author C, thus Author A is the center of
information and paths for Author B and Author C must pass
through). Sigma value is associated with high value research
articles where any paper with sigma value more than 1 has
high degree and centrality.

Figure 8 depicts authors that have a centrality score greater
than 0.1, where font size increases as centrality score increases.
Fu-Lin E. Chu was the most interconnected author, with a
centrality score of 0.18, degree of 69, and a sigma of 26.62; in
total Chu had 75 network connections (1.16 percent from overall
connections). Laurent Barillé was the second most influential
author, with a sigma score of 3.77, a centrality score of 0.19, and a
degree score of 58. Frédéric Gazeau was the third most influential
author (Degree: 32; Centrality: 0.19, Sigma: 3.28). Table 2 shows
the details for the top ten authors with the most influence in these
fields.

FIGURE 8 | Network of authors co-citation, where coloured circles
represent author node and the lines connecting them represent connections.

TABLE 2 | The co-citation score for the top ten authors regarding research on
climate change impacts on aquatic production of the top six aquaculture
species.

Author Degree Centrality Sigma

Fu-lin E. Chu 69 0.18 26.62
Laurent Barillé 58 0.19 3.77
Frédéric Gazeau 32 0.1 3.28
Peter A Gabbot 54 0.08 2.78
Eric N. Powell 40 0.1 2.22
Lars Tomanek 21 0.05 2.11
Carlos Ruiz Miguel 37 0.05 1.85
Widdows 35 0.11 1.75
Hans-Otto Pörtner 20 0.05 1.65
Velez C 20 0.03 1.60

FIGURE 9 | Network of journal co-citation. Journal name sizes scales
with centrality score (Table 2).
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3.2.2.2 Journal Co-Citation Analysis
Figure 9 illustrates the knowledge map for the journal co-
citation analysis, including only journals with centrality scores
greater than 0.1. The journal co-citation network had 336
nodes, 1731 connections, and a density of 0.0308. With a sigma
score of 36.34, Journal of Shellfish Research (IF:1.396; Q3) was
the most influential journal. The second and third most
influential journals were Estuaries (IF: 2.133; Q1) and
Biology Bulletin US (IF: 0.392; Q4), which had sigma scores
of 31.38 and 8.00, respectively. Table 3 shows the details for
the top ten journals with the highest influence.

3.2.2.3 Countries/Region Co-Citation Analysis
Figure 10 demonstrates a network of co-citations based on the
countries/regions of lead authors to obtain amore comprehensive
analysis of country distribution and cooperation in field areas.

Each node represents a country, and the lines represent each
country’s cooperation with another. The size of the nodes reflects
the country’s centrality score, and only countries with a centrality
score greater than 0.1 are shown in Figure 10. The co-citation
network of countries/regions has 52 nodes, 189 connections, and
a density of 0.1425.

TABLE 3 | The co-citation score for the top ten journals publishing articles about climate change impacts on aquatic production of the top six aquaculture species.

Journal Impact factor (Quartile WOS) Degree Centrality Sigma

Journal of shellfish research 1.396 (Q3) 39 0.07 36.34
Estuaries 2.133 (Q1) 62 0.23 31.38
Biology Bulletin US 0.392 (Q4) 50 0.16 8.00
Biology Bulletin 0.392 (Q4) 35 0.07 4.98
Oceanologica Acta 1.823 (Q2) 21 0.06 2.53
Ecological Monographs 10.315 (Q1) 26 0.04 2.25
Veliger 0.125 (Q4) 37 0.08 1.96
Analytical Biochemistry 3.365 (Q2) 20 0.04 1.94
Geochimica et Cosmochimica Acta 5.01 (Q1) 22 0.04 1.92
Aquatic Living Resources 1.885 (Q1) 24 0.04 1.88

FIGURE 10 | Network of country/region co-citation analysis where each
node represents a country, and lines represent each country’s cooperation
with another. Node size reflects centrality score (Table 4); only countries with
centrality scores >0.1 are shown here.

TABLE 4 | The co-citation score of the top ten countries involved in publishing
research about the impacts of climate change on the top six aquaculture
species.

Country/Region Degree Centrality Sigma

United States of America 19 0.21 72.14
France 21 0.21 18.00
Spain 19 0.19 3.81
Australia 15 0.14 1.72
Japan 7 0.05 1.21
Sweden 11 0.02 1.09
Scotland 9 0.02 1.06
Argentina 8 0.01 1.03
China 17 0.23 1.00
Germany 20 0.23 1.00

FIGURE 11 | Network of institutions co-citation analysis where each
node represents an institution and yellow lines represent cooperation. Only
institutions with a centrality score greater than 0.1 are shown.
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Table 4 lists the top ten countries by co-citation score. The
United States of America has the greatest influence among
countries focusing on climate change and aquatic production
research. This is based on a sigma score of 72.14, while France
ranked second with a sigma score of 18.00, and Spain ranked
third with a sigma score of 3.81. To improve the sigma score and
gain more citations, a country/region should improve paper
quality and strengthen collaboration with others.

3.2.2.4 Institution Analysis
Figure 11 shows the analysis of cooperation among institutions,
where each node represents an institution and the yellow lines
between them represents cooperation. For ease of display, we only
show institutions with a centrality score greater than 0.1. The
network has 283 nodes, 371 connections, and a density of 0.0093.
Ifremer from France had the highest sigma score (22.53), followed
by The University of North Carolina at Chapel Hill (3.05), and
Rutgers University (2.53). Interestingly, although our focus was

on global research, the most influential universities were
primarily located in France and the United States of America.
This suggests the need for increased collaboration from
institutions around the world. Table 5 shows the co-citation
scores from the top ten institutions.

3.2.2.5 Document Citation Analysis
Figure 12 illustrates document co-citation analysis for research
areas; the network had 899 nodes and 2,289 connections, with a
density of 0.0057. Only articles with a centrality score greater than
0.1 were listed, alphabetically. A “central” article plays a
mediating role in our field of interest.

Table 6 displays the top ten most influential scientific
publications according to the sigma score. Dickinson et al.
(2012) had the most influential article with a sigma score of
4.99, and was titled “Interactive effects of salinity and elevated
CO2 levels on juvenile eastern oysters, Crassostrea virginica”.
Lannig et al. (2006) had the second highest sigma value. Their
study was titled “Temperature-dependent stress response in
Crassostrea virginica: Pollution reduces temperature tolerance
in oysters” and was published in Aquatic Toxicology. Doney
et al. (2009), published in Annual Review of Marine Science,
had the third most influential article with a sigma score of 2.08.
Their article was titled “Ocean Acidification: The Other CO2
Problem.”

3.2.3 Document Cluster Analysis
The modularity Q index and the average silhouette metric for the
Document Cluster Analysis was 0.8337 and 0.9201, respectively.
This suggests a high level of reliability and homogeneity for the
network. Our analysis yielded a total of 19 co-citation clusters, of
which seven are summarized in Figure 13. Each cluster was
labeled and then numbered and ranked according to size, where
#0 was the largest cluster. The solid yellow line within each cluster
represents the cluster’s lifetime. Text mining and a keyword
analysis algorithm in CiteSpace software were used to generate
cluster labels, then the loglikelihood ratio (LLR) was used to name
these clusters.

Table 7 summarizes the seven major clusters identified by
Document Cluster analysis, where each cluster represents a
different research topic and its size is equal to the number of
publications it has. Each of the seven clusters has more than 30
publications, with Cluster #0 having the most (118 publications).

TABLE 5 | Co-citation scores from the top ten institutions involved in research on climate change impacts on aquatic production of six aquaculture species.

Institutions Country Degree Centrality Sigma

Ifremer France 21 0.3 22.53
University of North Carolina at Chapel Hill United States of America 11 0.11 3.05
Rutgers University United States of America 10 0.14 2.53
National Oceanic and Atmospheric Administration United States of America 13 0.17 2.50
Université de Bretagne Occidentale France 10 0.11 1.53
The University of Maryland United States of America 9 0.08 1.43
University of Aveiro Portugal 9 0.07 1.31
Old Dominion University United States of America 3 0.01 1.05
Sydney Institute of Marine Science Australia 3 0.01 1.04
The University of Southern Mississippi United States of America 3 0 1.01

FIGURE 12 | Network of document co-citation analysis where only
articles with centrality scores greater than 0.1 are shown.
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Cluster silhouette score ranged from 0.814 to 0.968, indicating a
high degree of homogeneity among publications in each cluster
(silhouette score ranges from -1 to 1, where scores higher than 0
are considered homogenous).

3.2.4 Burst Analysis
To identify the most influential or landmark publications as well
as keywords, we used a burst analysis; trends among studies and
keywords are described below.

3.2.4.1 Document Burst
Table 8 shows the top ten publications with the most powerful
citation bursts, where the duration of each burst is shown in the
rightmost columns. A burst reflects the emergence of a keyword
in a publication during a specific time period. The blue line
represents the timeline (from 1982 to 2021), while the red line
represents the burst period. The publication with the most recent
and strongest burst was Gazeau et al. (2013), which is the current
hotspot publication (strength = 15.82, 2016–2021).

3.2.4.2 Keyword Burst
Table 9 displays the keywords with the highest citation burst.
Keyword analysis has been used to detect emerging trends and
research area hotspots over time. The burst reflects the emergence
of a keyword in a particular subject area during a specific time
period. As above, the blue line represents the timeline (from 1982
to 2021), while the red line represents the burst period. Beginning
in 1992 and ending in 2005, the word “seasonal variation” had the
highest burst strength (16.17). The next top two keywords were
“perkinsus marinus” (Strength = 11.48, 1994–2012) and
“seawater acidification” (Strength = 10.32, 2016–2021).
Although one of the shorter bursts (5 years), “seawater
acidification” had the most recent burst time period,

TABLE 6 | Co-citation scores for the top ten articles related to research on climate change impacts on the production of the top six aquaculture species.

Article title References Degree Centrality Sigma

Interactive effects of salinity and elevated CO2 levels on juvenile eastern oysters, Crassostrea virginica Dickinson et al. (2012) 17 0.27 4.99
Temperature-dependent stress response in oysters, Crassostrea virginica: Pollution reduces temperature
tolerance in oysters

Lannig et al. (2006) 18 0.22 4.11

Ocean Acidification: The Other CO2 Problem Doney et al. (2009) 32 0.07 2.08
Storage metabolism in the Pacific oyster (Crassostrea gigas) in relation to summer mortalities and reproductive
cycle (West Coast of France)

Berthelin et al. (2000) 14 0.09 2.04

Oyster Reefs at Risk and Recommendations for Conservation, Restoration, and Management Beck et al. (2011) 14 0.06 2.03
Proteomic response to elevated PCO2 level in eastern oysters, Crassostrea virginica: evidence for oxidative stress Tomanek et al. (2011) 16 0.06 1.93
Elevated level of carbon dioxide affects metabolism and shell formation in oysters Crassostrea virginica Beniash et al. (2010) 19 0.06 1.91
Impacts of ocean acidification on marine shelled molluscs Gazeau et al. (2013) 21 0.04 1.81
Effects of temperature and salinity on haemocyte activities of the Pacific oyster, Crassostrea gigas (Thunberg) Gagnaire et al. (2006) 26 0.12 1.62
Synergistic impacts of heat shock and spawning on the physiology and immune health of Crassostrea gigas: an
explanation for summer mortality in Pacific oysters

Li et al. (2007) 6 0.13 1.6

FIGURE 13 | Summary of seven of the 19 identified document cluster lifetimes (solid lines). Cluster labels were generated from CiteSpace. Circle size corresponds
to cluster size (i.e. number of publications).

TABLE 7 | The seven major clusters that emerged from Document Co-citation
Analysis. Size represents the number of publications in a cluster, and
silhouette score indicates levels of homogeneity. Labels were derived from log
likelihood ratios (LLR).

ClusterID Size Silhouette Label (LLR) Year average

0 118 0.82 Short-term exposure 2012
1 62 0.947 Mercenaria mercenaria 2007
2 59 0.84 Mytilus galloprovincialis 2015
3 58 0.946 potential extirpation 2007
4 45 0.867 new zealand 1998
5 42 0.898 seasonal variation 2002
6 38 0.907 fatty acid modification 2005
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continuing into 2021, indicating a more recent emerging interest
for this topic.

4 DISCUSSION

Our study aimed to present a scientometric analysis for research
on the effects of climate change on the top major aquatic
production. We discuss our results in detail below.

4.1 Research Question Discussion
4.1.1 RQ1: What Are the Overall Publication Trends in
Terms of Publication Output?
To answer our first research question, we performed a descriptive
analysis on the number of publications, published journals,
authors, universities/institutes, and the countries/regions of
affiliation. The number of articles published increased
annually, with a 10-years average of 134 publications per year.
The United States of America had the greatest number of papers
published in the field, while France had the second highest
number of publications. With 13.64 total publications, Centre
National De La Recherche Scientifique Cnrs and Ifremer from
France together had the highest publication rate for institutions.
This demonstrates that developed countries such as the
United States of America and France are leading in this field.

While other countries may have a relatively large number of
publications, such as China, they have yet to emerge as prominent
research institutions and/or scholars. This result may be due to
France and the United States having more resources to conduct
scientific analyses. As such, we strongly suggest that more
international scientific research exchanges and collaboration be
conducted in the future.

4.1.2 RQ2: Where is This Research Area Situated on
the Map of Web of Sciences Database?
Publications were largely situated within the discipline “Ecology,
Earth, and Marine” and there were few publications in other
disciplines. While this result may not be surprising given the
nature of the research, we suggest that multidisciplinary studies
would be beneficial to fully understand the impact of climate
change on aquatic production. For example, research joining
ecology and economics would give deeper insights on the
economic effects of climate change.

4.1.3 RQ3: Who Are the Dominant Knowledge Carriers
in These Areas?
To answer our third research question, a co-citation analysis of
the author, journal, country, institutions, and articles was
performed. We found that Fu-Lin E. Chu was the most
influential author, with a focus on nutrition and host/parasite
interactions in shellfish and fish. Laurent Barillé was the second
most influential author, with a background in multi- and
hyperspectral remote sensing of intertidal areas. Frédéric
Gazeau, the third most influential author, studied coastal
metabolism, the effects of ocean acidification and warming on
various marine organisms, and the use of techniques to study the
effects of ocean acidification on marine communities. The work
from these top three researchers demonstrates the multi-
disciplinarity of climate change and aquatic production
research. It is critical for the experts in these fields to engage
with others in different focus areas to build connections between
sub-disciplines. For example, work on host/parasite interactions
would greatly benefit from research on ocean acidification–does
increasing acidification change host/parasite interactions?
Increased inter-disciplinary cooperation would help address

TABLE 8 | Top ten publications with the strongest citation bursts between 1982 and 2021. Red sections in the timeline represent the burst period.

Title References Strength Begin End 1982–2021

Impacts of ocean acidification on marine shelled molluscs Gazeau et al. (2013) 15.82 2016 2021 —

Impact of Ocean Acidification on Energy Metabolism of Oyster,Crassostrea gigas-Changes in Metabolic
Pathways and Thermal Response

Lannig et al. (2010) 13.84 2013 2018 —

The oyster genome reveals stress adaptation and complexity of shell formation Wang et al. (2012) 12.02 2015 2021 —

Elevated level of carbon dioxide affects metabolism and shell formation in oysters Crassostrea virginica Beniash et al. (2010) 11.49 2013 2018 —

Proteomic response to elevated PCO2 level in eastern oysters, Crassostrea virginica: evidence for
oxidative stress

Tomanek et al.
(2011)

11.28 2015 2019 —

Impact of elevated CO2 on shellfish calcification Gazeau et al. (2007) 10.73 2009 2014 —

Ocean Acidification: The Other CO2 Problem Doney et al. (2009) 10.35 2012 2017 —

Impacts of ocean acidification on marine organisms: quantifying sensitivities and interaction with
warming

Kroeker et al. (2013) 10.1 2015 2021 —

Ecosystem effects of ocean acidification in times of ocean warming: a physiologist’s view Pörtner, (2008) 9.71 2012 2016 —

Seasonal variation in weight and biochemical composition of the Pacific oyster, Crassostrea gigas in
relation to the gametogenic cycle and environmental conditions of the Bizert lagoon, Tunisia

Dridi et al. (2007) 9.63 2009 2015 —

TABLE 9 | Top ten keywords with strongest citation burst for the time period 1982
to 2021. Red section on timelines represents the period of the burst.

Keywords Strength Begin End 1982–2021

Seasonal variation 16.17 1992 2005 —

Perkinsus marinus 11.48 1994 2012 —

seawater acidification 10.32 2016 2021 —

Gametogenesis 8.38 1992 2010 —

Ostrea eduli 7.92 1996 2008 —

Crassostrea virginica 7.63 1995 2000 —

biochemical composition 7.21 1993 2007 —

Mortality 6.9 2007 2012 —

Cadmium 6.43 2003 2015 —
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such questions and give a better picture of climate change impacts
on aquacultured species.

Our analysis on scientific journals revealed that ecology and
biology research dominated the research areas. Some of the most
prestigious journals in biology science have published articles in
this area. For example, the Journal of Shellfish Research,
Estuaries, and Biology Bulletin US were among the most
influential journals. For influential institutions, Ifremer from
France, the University of North Carolina, and Rutgers
University from the United States of America were the most
influential. As a result, it is not surprising that France and the
United States ranked first and second in the co-citation analysis
results discussed above. However, this again demonstrates that
research affiliations are unbalanced, with most research
conducted by France and the United States. Because research
on climate change impacts affects the entire world, it is clear that
collaboration within this research domain would be beneficial.

Of the top ten most influential scientific publications, Matoo’s
(2013) article was the most influential. Matoo (2013) investigated
the interactions of salinity and partial pressure of CO2 (PCO2) on
biomineralization and energy homeostasis in juvenile Crassostrea
virginica, a common estuarine bivalve. According to the study,
the combined effects of elevated PCO2 and fluctuating salinity
may endanger the survival of eastern oysters by weakening their
shells and increasing energy consumption. Their results suggest
that the production of these bivalves may be at risk as climate
change may affect both PCO2 and salinity. Lannig et al. (2006)
had the article with the second highest co-citation score. Their
research assessed how temperature and a toxic metal, cadmium
(Cd), affects energy metabolism. They found that oysters exposed
to elevated temperature, but not Cd, showed no significant
change in condition, survival rate, or lipid peroxidation.
However, those exposed to both Cd and temperature stress
died quickly. Doney, Fabry, Feely, and Kleypas (2009) had the
third highest co-citation score. Their work discussed the impact
of decreased calcium carbonate saturation on shell-forming
marine organisms ranging from plankton to benthic molluscs,
echinoderms, and corals. Together, these three works
demonstrate the impacts of continued ocean warming and
ocean acidification on aquatic organisms, especially for shell-
forming species. It is clear there are interactive effects of ocean
temperature, acidification, and environmental metals that
warrant further investigation. Regardless, their results support
the increasing need to decrease effects of climate change to
maintain current production of shelled organisms.

4.1.4 RQ4: What Are the Dominant Topics/Clusters,
and What is Their Temporal Evolution?
To answer our fourth question, we used a document cluster
analysis which yielded a total of 19 co-citation clusters.
Publications were assigned to each cluster because they were
cited by a similar group of publications, indicating a co-citation
relationship. According to our results, the dominant research
topics and directions were “short-term exposure”; “Mercenaria
mercenaria”; “Mytilus galloprovincialis”; “potential extirpation”;
“New Zealand”; “seasonal variation”; and “fatty acid
modification.” This indicates that the majority of research

focuses on two species, particularly from New Zealand, and on
the effects of relatively short time periods of exposure. While it is
important to study the short-term exposure to stressors in marine
organisms, climate change is likely to have longer term impacts,
and as such there is a need to understand how long-term stress
will impact species.

4.1.5 RQ5: What Are the impactful Publications and
Keywords for These Areas?
The document burst analysis showed a pattern of new research
topics emerging, with previous burst publications gradually being
replaced by more recent publications. Gazeau et al. (2007)
investigated the calcification rates of edible mussels (Mytilus
edulis) and the Pacific oyster (Crassostrea gigas), which
decreased linearly as pCO2 increased. Gazeau et al. (2013) had
the most recent burst citation, and studied pteropods, which have
a negative relationship with the level of ocean acidification. The
blood of shelled molluscs may have lower pH, which can affect
several physiological processes (e.g., respiration, excretion, etc.)
and, in some cases, increase their mortality over time. The shift in
focus from the previous study, which focused on impact, to the
current study, which focused on resilience, demonstrates an
increased understanding of the issues in the research areas. It
also indicates that the current body of research is focusing on
understanding acidification effects. This is important to
understand for future management of important shelled
species that are cultured. Again, the most important papers
identify effects of ocean acidification as being significant and
important to mitigate.

5 CONCLUSION

In general, ocean acidification was identified as a reoccurring
important climate change impact to understand, particularly with
respect to the production of aquatic species. With the world still
struggling to find effective solutions to combat climate change,
research on climate action and aquatic production is increasingly
important to mitigate or minimize environmental effects on the
aquaculture industry. Here, we have compiled a cluster of related
research from different disciplines and noted important research
gaps and future directions. Most of the research focused on ocean
acidification effects, but next we need to understand how to
mitigate such effects. There is a significant gap that requires
further investigation and international collaboration.

Our study only obtained papers from Web of Science (WOS)
databases, which may have resulted in publication bias. However,
WOS is regarded as having higher publication standards because
its database is geared towards science and social sciences, and
because it has larger databases with a broader scope than other
available datasets (Bar-Ilan, 2008; Adriaanse and Rensleigh,
2013). Future research could compare other databases with
WOS to map these research areas and perhaps identify
missing links. Additionally, we used CiteSpace software rather
than collecting data manually, thus some irrelevant subjects may
have been included in the analysis. Still, CiteSpace allows our
analysis to be reproducible, and striking a balance between
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stringent criteria and over-excluding specific studies is difficult.
Future research with a high precision goal should consider using
more stringent keyword searches or reviewing exported data
manually to reduce the likelihood of irrelevant studies.

In our co-citation analyses, only the names of the primary
(first) authors were used. Although citing publications did not
have such a restriction, databases of cited publications
downloaded from WoS did not include the names of other
contributing authors. If these databases made more author
names available, the co-citation analysis could produce
different results, possibly identifying more collaboration than
we detected. Regardless, our study offers a comprehensive view
on the current body of research studying the effects of climate
change on the production of top aquatic species. We clearly
demonstrate the need for more international collaboration.
Addressing climate change impacts is important to the
sustainable research agenda in conjunction with achieving the
SDGs goal by 2030. We also suggest that studies in disciplines
other than “Ecology, Earth, and Marine” should be encouraged in
the future, as they may offer important insights that would
otherwise be overlooked (e.g. economic perspectives).
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