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Abstract

:

Understanding the evolution of scientific literature is a critical and necessary step for the development and strengthening of a research field. However, an overview of global dinoflagellate research remains unavailable. Herein, global dinoflagellate research output was analyzed based on a scientometric approach using the Scopus data archive. The basic characteristics and worldwide interactions of dinoflagellate research output were analyzed to determine the temporal evolution and new emerging trends. The results confirm that dinoflagellate research output, reflected in the number of publications, is a fast-growing area since the mid-1990s. In total, five research subareas emerged using a bibliometric keywords analysis: (1) “symbiosis with coral reefs”, (2) “phylogeny”, (3) “palynology”, (4) “harmful algal blooms” and (5) “nutrition strategies”. Dinoflagellate publications were modeled by fish production (both aquaculture and fisheries) and economic and social indexes. Finally, directions for future research are proposed and discussed. The presented scientometric analysis confirms that dinoflagellate research is an active and important area with focus on mitigating economic impacts, especially in regard to fish production.
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1. Introduction


Dinoflagellates are protists characterized by two flagella and the pigment peridinin in combination with chlorophyll a, b or c. A large fraction of these microorganisms is mixotrophic, combining photosynthesis with phagotrophy and/or myzocytosis facilitating bloom formation when nutrients are scarce in the euphotic zone of coastal waters [1]. This functional group of microalgae has a primary marine occurrence but is also commonly found in freshwater and estuarine environments. Dinoflagellates are a highly diverse and abundant group of microalgae species and in terms of cell size substantially smaller than diatoms [2].



Claims by botanists, zoologists and micropaleontologists, regarding the taxonomic classification of dinoflagellates, were recurrent until the use of molecular tools which improved the evolutionary understanding and the complex life cycles of dinoflagellates. In fact, the literature on dinoflagellates, especially those published in the last century, is widely diffused, complex and partly contradictory. Nonetheless, dinoflagellates have been recognized for their essential role in the functioning of aquatic ecosystems, especially with regard to: primary productivity [3], symbiosis with reef-building corals [4], harmful algal blooms (HABs) [5] and toxin production and associated cascading trophic effects [6].



Dinoflagellates have been studied in regard to their production of highly diverse secondary metabolites. These compounds are, in general, not vital for the cell’s survival and reproduction, and include a variety of hormones and allelochemicals. The toxins are a group of allelochemicals that can have harmful effects on higher organisms, such as fish, birds and mammals [7]. Historical records of toxins produced by dinoflagellates include (1) the Captain George Vancouver’s crew poisoning after eating contaminated shellfish in 1793 [8], (2) human poisoning caused by the consumption of mussels in 1927 (California, United States), which has been related to the presence of Alexandrium catenella [9], and (3) the first proven cases of paralytic shellfish poisoning (PSP) in humans were recorded in 1976 [10]. Before 1970, toxic dinoflagellate blooms were recorded in Europe, North America and Japan and as of 1990, toxic species were observed in the Southern Hemisphere in conjunction with a general global increase in the distribution of toxins due to transportation of many HAB species via ship ballast waters [8,11]. Since then, HABs have caused serious public health problems and negatively impacted fishing and aquaculture industries, including the recent Godzilla Red Tide event in Chile—the largest recorded fish farm mortalities [11,12,13,14]. Additionally, dinoflagellates may cause problems in freshwater environments. Particularly Ceratium spp. have been reported in several freshwater environments in South America since the mid-2000s, and, although it is not a toxic genus, the postbloom accumulation of Ceratium spp. biomass may cause low oxygen environments due to an increased bacterial activity impacting survival rates of fish and crustacean species [15,16].



Bibliometric or scientometric analyses have become fundamental tools for analyzing current trends within the scientific literature and provide guidelines and motivations for future research in specific fields or areas. Recently, bibliometric analyses have been reported on eutrophication [17], diatom research [18], microcystins in China [19], photosynthesis [20] and microalgae research [21]. However, although these reports indirectly addressed dinoflagellate research, curiously this area has not been specifically emphasized—with the exception of Barbosa Noga and Ferreira Gomes [22] summarizing Brazilian dinoflagellate studies.



Exclusively quantitative bibliometric research is not necessarily the best approach to assess and discuss global scientific productivity [23], however, when combined with qualitative data, it can generate valuable indices for recognizing current status and future prospects within a given research field/area. Herein, dinoflagellate research was quantitatively and qualitatively analyzed to provide an improved understanding of the global research situation and emerging trends. The basic characteristics, development of publications, worldwide distribution, mainstream journals, keywords and genera of dinoflagellates research were analyzed in detail. Diverging research trends and subareas were identified to raise awareness on possible gaps in scientific cooperation.




2. Methods


2.1. Data Collection


The information of scientific publications was based on the Elsevier Scopus database (obtained on 31 January 2020). A detailed search was carried out using [TITLE-ABS-KEY (dinoflagellate)] as search query. This search resulted in 17,871 publications after limiting the search timescale from 1970 to 2019. Although the term “dinoflagellates” has presented the same number of publications as “dinoflagellate”, it should be noted that if a different term is used, such as “Dinophyceae” (10,475 publications), variations may occur. The obtained results were processed by author keywords with identical meanings and by discarding keywords not related to phycology such as “article”, “priority journal” and “non-human”. Particularly the term “non-human” appears in the sixth place (2995 publications) among the most frequent keywords, however, when analyzing in detail the publications [TITLE-ABS-KEY (dinoflagellate) AND LIMIT-TO (EXACTKEYWORD, “Nonhuman”)], the results did not contain any publications with the term “non-human” and, conclusively, this keyword was discarded.




2.2. Bibliometric Analysis


The publications obtained were organized and processed using the OpenRefine software. This software tool allows for the eliminating of duplicate records or grouping of different representations of the same reality [21,24].



The characteristics of bibliometric analyzed literature include both qualitative information and quantitative data. Herein, the elements investigated were: the document type and the language, the number of publications per year, the distribution of publications by research institutions and country, the keywords, the sources and research networks. In the case of research networks, a community can be defined as a set of nodes that are more densely connected with each other than with the rest of the network. Community detection was carried out using the VOSviewer software (version 1.6.14). This software enables the creation of charts categorized by countries or keywords what is represented by a node. The connections between two nodes represent the collaboration between the two keywords (or countries) in a research file.




2.3. Mapping and Modeling Scientific Production


Population and territorial extension data were obtained from the Worldometer website (http://www.worldometers.info/world-population/population-by-country/) and were used for normalization of scientific production per inhabitants and per territorial extension. A world map was colored according to number of publications of each country to compare the spatial distribution of published dinoflagellate publications.



In order to verify the influence of economic, environmental and social data on scientific production of dinoflagellates, we fitted generalized linear model (GLM), with a Gaussian error distribution and an identity link function for continuous data. The GLM was made using the ‘lmer’ function from the package ‘lme4’ [25]. Gross Domestic Product (GDP) and Human Development Index (HDI) were downloaded from The World Bank Database (https://data.worldbank.org/). Environmental Sustainability Index (ESI) was downloaded from the Yale University (https://epi.yale.edu/). This index summarizes 32 performance indicators and 11 pollutant emission categories in a single score for environmental health and ecosystem vitality. Additionally, agricultural production data were evaluated according to the global fish production by aquaculture (Aqua) and by capture (Capt) and to the fertilizer consumption (Fert) downloaded from the Fisheries Division of the Food and Agriculture Organization of the United Nations (http://www.fao.org/fishery/topic/16140) and from The World Bank Database, respectively. Data were extracted from 1970 to 2019 (depending of data availability) to calculate the according averages to be used in the model.



All analyses were performed in the RStudio software v 1.2.5 (Boston, MA, USA).





3. Results


3.1. Basic Characteristics of the Dinoflagellate Literature


The 17,871 publications, resulting from the initial search performed on the Elsevier Scopus platform, were composed of 16,258 articles (91%), 619 reviews (3.46%), 480 conference papers (2.68%), 214 book papers (1.19%) and 300 others (1.67%). Publications were published in English (17,071 ≅ 95.52%), Chinese (205 ≅ 1.15%), Spanish and French (174 ≅ 0.97%), Japanese (116 ≅ 0.65%) and other languages (211 ≅ 1.18%).




3.2. Temporal Development of Publications


The annual numbers of publications between 1970 and 2019 are presented in Figure 1. In 1970, 30 documents on dinoflagellates were published, and until the early 1980s a low oscillation in the number of publications could be observed (ranging from 26 to 90). From the quantitative perspective, a crucial moment for dinoflagellates research was registered in 1991 with a remarkable increase in the number of publications. In addition, in 2003 the number of publications exceeded 500 for the first time. In mid-2014 the number of publications diverged from the fitted exponential trend. As a result, in 2017, only 862 publications were achieved, a lower number than projected (1000 publications). Furthermore, dinoflagellate publications of the last decade corresponded to 43.96% (7856 publications) of all publications since 1970. Among these publications, articles (92.11%) and the English language (95.69%) presented similar percentages when compared to the last 50 years. A linear regression model was fitted to the data of the last decade and is showed in Figure S1. Although the linear model of the last decade (R2 = 0.75) was less expressive than the exponential one presented in Figure 1 (R2 = 0.96), it projected that in 2025, 1000 publications on dinoflagellates would be achieved (8 years later when compared to the exponential model).




3.3. Global Distribution of Publications


A world map of the scientific production (Figure 2) indicates research on dinoflagellates has been conducted on all continents. The countries that published the most publications were the United States, Japan and the United Kingdom. In general, specific European countries published more publications than countries of America, Asia, Oceania and Africa. This ranking order changed when the scientific production was normalized to the population data and resulted in a new ranking with New Zealand, Norway and Australia in the top three positions. China and India, with populations of over one billion people, occupied the last positions in this normalized ranking. Using the normalization per land area data, Netherlands, the United Kingdom and Denmark were in the top three positions. Only the United Kingdom appeared multiple times in the top three positions of all applied rankings (Table 1). In relation to the countries that presented the most publications on dinoflagellates over the last decade, the United States remained at the same position, followed by China, Germany and France. The most dominant continent in terms of the number of publications was Europe with Germany, France, the United Kingdom and Spain among the top 10 countries (Table S1).



The top 20 research centers are listed in Table 2 and headed by: Center National de la Recherche Scientifique (CNRS), Alfred–Wegener-Institute and the Chinese Academy of Sciences. Although the United States leaded the ranking of publications by countries, only one North American institution (Woods Hole Oceanographic Institution) did appear in the top 20 institutions. This ranking was led by European and Asian institutions (three French, two German, two Spanish, one Dutch, one Danish, three Japanese, three Chinese and one Russian).



Figure 3 shows the affinity of the collaboration of countries with >250 publications on dinoflagellates. The 20 countries, plotted in this analysis, were distributed across four communities: the first formed by Asian countries, the United States and Canada; the second formed by European countries, Brazil and Mexico; the third formed by European countries, India and the Russian Federation; and the fourth formed by Australia and New Zealand. The United States and the United Kingdom demonstrated connections with all four communities. More frequent connections (represented by the thickness of the line) could be observed between the United States and Australia, and the United Kingdom and Germany.




3.4. Sources and Citations


The total number of publications, the JCR Impact Factor and the SJR CiteScore of the top 20 journals are listed in Table 3. The highest number of publications on dinoflagellates was found in the journal Harmful Algae, which was associated with the highest CiteScore index. On the other hand, Marine Pollution Bulletin had the highest Impact Factor of this ranking. Among the high impact phycology journals (IF ≥ 2), Algal Research (IF = 4.008), Journal of Applied Phycology (IF = 3.016), European Journal of Phycology (IF = 2.756) and Algae (IF = 2.914) did not appear in this ranking. In addition, PLoS ONE was the only multidisciplinary journal listed in this ranking. In the last decade of publications, Harmful Algae continued to lead the number of publications. Furthermore, the journal Marine Drugs (IF = 4.073), which did not appear in the previous ranking, emerged on the ninth position in relation to the number of publications and it achieved the highest impact factor index (Table S2).



The top 20 most cited publications and their main information are listed in Table 4. This ranking was headed by the journal Limnology and Oceanography, with four publications, followed by Nature and Science, with three and two publications, respectively. The publication with the highest total number of citations “Hoegh-Guldberg et al., 2007” received also the highest number of citations per year. Although Harmful Algae was the journal with the highest number of published publications, it did not appear in this specific list. Exclusively, the journals Limnology and Oceanography, Phycologia and Journal of Phycology appeared in both rankings.




3.5. Keywords Analysis


Keyword co-occurrence and their affinity are indicated in Figure 4. In this analysis, 41 keywords were plotted and distributed into five communities. The first community (red color) revolved around the keywords “harmful algal blooms”, “red tide” and “toxins”, probably influenced by research related to the increase in harmful algal blooms involving the taxa “Alexandrium” and “Karenia brevis”. The second community (green color) revolved around the keywords “phytoplankton”, “mixotrophy” and “grazing”, probably influenced by enforcements to understanding dinoflagellate interactions with others organisms (e.g., bacteria, diatoms and cyanobacteria) and their nutrition strategies. The third community (yellow color) revolved around the keywords, “taxonomy”, “ultrastructure” and “phylogeny”, probably influenced by evolutionary relationships and taxonomic refinements and corrections within this group. The fourth community (purple color) revolved around paleontological studies that used the keywords “dinoflagellate cysts”, “biostratigraphy” and “palynology”. Finally, the fifth community (blue color) revolved around the keywords “Symbiodinium”, “Coral bleaching” and “photosynthesis”, influenced by coral–endosymbiont interactions and the effects of climate change on coral ecosystems. An additional keywords analysis of the last decade data, using author keywords that appeared at least 50 times, was carried out and the results were represented as a cloudword (Figure S2). As in Figure 4, the same keywords could be observed with the emergence of some new keywords: “Marine drugs”, “Chemistry” and “Microalga”.



Figure 5 shows the top ten genera of dinoflagellates that appeared in the title, abstract or keywords of the published publications. Alexandrium leaded this ranking, followed by Prorocentrum, Symbiodinium and Gymnodinium—these appeared in at least a thousand publications. Ceratium, Protoperidinium and Noctiluca, located at the last positions of this ranking, were associated to almost six times fewer published publications than Alexandrium.




3.6. Modeling Scientific Production


Economic (GDP), environmental (EPI) and social (HDI) indexes indicated significant influence on the scientific production of dinoflagellate literature. Fish production (both aquaculture and capture) was also the outcome of the model, however, while the capture had a positive relationship with dinoflagellate publications, the aquaculture had a negative effect. The fertilizer consumption did not indicate a significant influence (Figure 6).





4. Discussion


First of all, it is necessary to mention that the number of publications on dinoflagellates is certainly greater than those reported in this study. This is related to many local, regional or national journals that are not indexed in large and international databases (such as Elsevier Scopus). Many publications on dinoflagellates in Latin America, for example, have not been published in indexed journals (e.g., [26,27,28]). However, recent research efforts have been initiated to showcase Latin American research conducted on harmful algal, including dinoflagellates [29]. Some possible motives of publishing in local journals include: (1) meeting the requirements of funding agencies, (2) easier publishing in the native language and/or (3) contributing to the evolution of local journals [30].



Interestingly, 1000 publications should have been achieved in 2017 according to the exponential regression model, which, however, did not occur (Figure 1). The divergence between the number of publications and the exponential trend hints towards a resource limitation, such as for example human resources and/or financial funding limitation. It is likely that this divergence may have been induced by the financial crisis of 2008. The implemented interventions by public authorities to alleviate the consequences of the financial crises resulted in multiple financial cuts for scientific research of several countries [31] with a presumably time delayed effect on dinoflagellate research output. In summary, a linear regression model expressed well the growth of the number of research papers on phytoplankton between 1991 and 2013 [32]. Two linear trends were observed within the worldwide microalgae research, the first was from 1970 to 2005 and the second from 2005 to the present [21]. Therefore, although linear models are often used successfully for phytoplankton studies, in the present study an exponential model was more suitable and it allowed illustrating the political and economic evidence that negatively affected dinoflagellate research.



The global scientific production on dinoflagellates can be related to social, economic and environmental aspects. The United States has long been the most productive and influential research country in the world, and when analyzing data from 1970 to 2019, the USA still appears as the top country that publishes the most publications in several bibliometric studies [21,33,34]. However, China overtook the United States in 2018 and became the quantitative largest producer of scientific articles in the world. The United States still invests the highest amount of financial resources on research and development (around USD 500 billion), while China stood second (around USD 400 billion) in 2015 with increased funding trends on research and development over the recent years. The spent funding of the United States, on the other hand, remained on the same level in relation to previous years [35]. Although the United States spearheaded the two analyses of publications by country (Figure 2 and Table S1), a substantial increase in the number of publications by China was observed and it rose from the sixth to the second place, when analyzing both the last 50 and 10 years, respectively.



The Elsevier Scopus classifies the CNRS and the Chinese Academy of Sciences as research centers, as well as the Alfred–Wegener-Institut, Woods Hole Oceanographic, University of Tokyo. However, it should be mentioned that CNRS is the French National Centre for Scientific Research and it provides a significant amount of funding for basic research in France. In a similar way, the Chinese Academy of Sciences is an umbrella body of research centers. Therefore, they cannot be directly compared to regional research institutions. Furthermore, although the United States leads the ranking in the number of publications on dinoflagellates, only one American institution appears in the top 20 research centers. This observation may be related to American research being distributed over several research centers with diverse funding resources and not being centralized as for example in case of the French CNRS and the Chinese Academy of Sciences.



Others phytoplankton groups (mainly, diatoms and cyanobacteria) were identified within dinoflagellate research, (Figure 3). This can be explained by the assumed dominant role of diatoms for primary production and the carbon cycle in the oceans. Diatoms have been considered model organisms for oceanic phytoplankton research which has been reevaluated over the past few decades [36,37,38]. On the other hand, cyanobacteria are the largest group of prokaryotic organisms known for their potential toxicity in marine, freshwater and eutrophic environments and therefore closely related to HAB research [39,40]. It is likely that dinoflagellate research on understanding physiological dynamics, bloom causes and consequences, and the biosynthesis of secondary metabolites has been studied together with other HAB species.



Figure 4 and Figure 5 highlight the Symbiodinium genus probably due to two issues: (1) the great effort in the last decade to reorganize the diversity of this genus into a revised hierarchical structure and (2) the close relation to coral reef research. The nine clades recognized in the literature [41] have recently been reorganized into six new genera (in addition to Symbiodinium) belonging to the Symbiodiniaceae family [42]. In addition, the most active countries in the fifth community of keywords (blue color) (Figure 4) are countries in Oceania which may be related to the location of the Great Barrier Reef and of other tropical coral reefs, and the reoccurrence of coral reef bleaching events in these regions [43,44,45]. The evolutionary success of reef corals over time has been strongly linked to the mutualistic relationship with endosymbiont dinoflagellates. The benefits of this relationship include the supply and exchange of inorganic nutrients (carbon, nitrogen, phosphorus, etc.) that are converted into carbohydrates, amino acids and other secondary metabolites under photoautotrophic pathways. Although dinoflagellates from the Symbiodiniaceae family are almost always associated to a symbiotic lifestyle, they can also be found in free-living mode [46]. The mutualistic relationship can lead to biased conclusions because many publications on coral reefs may occasionally contain in their keywords terms such as “Symbiodinium” or “Zooxanthellae”—as, for example, in the case of the most cited publication reported in our investigation. Figure 4 also shows the palynology as another active subarea in dinoflagellate research. A number of dinoflagellate species produce resting cysts that have the potential (1) to become fossilized in sediments or (2) to be transported via ships’ ballast waters [47,48]. The transportation of sediments and water containing dinoflagellate cysts has led to a global dispersion of bloom-forming dinoflagellate species. Efforts in this research subarea have been related to fossil dinoflagellate cysts which are a useful tool for reconstructing past environmental and oceanographic conditions [48,49].



Figure 5 demonstrates that the number of publications related to nontoxic dinoflagellate genera (Ceratium and Noctiluca) was lower than toxic dinoflagellate genera, which indicates a greater research interest on toxin-producing species. Alexandrium genus, that led the ranking of dinoflagellate genera, is the major harmful dinoflagellate bloom genus with respect to diversity, impact potential and cascading ecosystem consequences [11]. This suggests that interest in studying a certain dinoflagellate genus (or species) increases as new evidence of a toxic potential is reported. Moreover, it should be taken into account that some dinoflagellate species were taxonomically reclassified over time (for example, Karlodinium veneficum and its basionym Gymnodinium veneficum and Ceratium genus that recently was subdivided into Ceratium and Tripos for freshwater and marine species, respectively) [50,51].



Regarding the GLM, positive relationship between fish catch and dinoflagellate publications may be related to HAB issues and their impacts on the fishery industry—which is mainly composed by marine fishing (~87.5% of total fish catch) [52,53,54]. On the other hand, a negative relationship between aquaculture production and dinoflagellate publications was observed maybe due to aquaculture production includes most freshwater (51 million tons) than marine (30.8 million tons) production [55]. Understanding the main related factors leading to harmful dinoflagellates blooms is a crucial step for appropriately managing aquaculture and agriculture activities. The escalation on food production increased the amount of nitrogen compounds released in receiving waters [56,57]. Moreover, regions that reported an increase in the agricultural activities (terrestrial and aquatic) experienced, almost in the same proportion, the increasing frequency and environmental impact of HABs [56]. Although the nitrogen role on dinoflagellate blooms have not been fully elucidated, this algae group have the highest urease activity per cell than any other phytoplankton group [58], and in some cases, the urea uptake can increase the toxicity of dinoflagellate [59]. Thus, understanding the causes and controlling factors of dinoflagellate blooms can contribute to reducing the associated impacts on fishing activity [14].



The Recent trends analysis (Supplementary Materials) indicates the emergence of a new dinoflagellate research subarea: cultivations and biotechnology. This is related to the appearance of new keywords over the past decade, such as “Marine drugs”, “Chemistry” and “Microalga”—a common term in publications that refer to cultivation and biotechnology of phytoplankton (Figure S2). These results, when related to the rise of the journal Marine Drugs, may possibly be associated to the interest in cultivating dinoflagellates to produce potential raw material for new drugs formulation with biological activities.




5. Future Directions


The results presented in the previous sections give evidence to two emerging future hotspots in dinoflagellate research: (1) taxonomy and classification, (2) harmful dinoflagellate blooms and (3) cultivation and biotechnology. Figure 7 demonstrates a flowchart of the main emerging subareas for dinoflagellate research. Research using “omics” (i.e., genomics, transcriptomics, proteomics and metabolomics) approach is collated on the top of the flowchart and can help in the identification of species, the detection of nutritional strategies, the interaction of symbiotic relationship with bacteria and cnidarias, and the biosynthesis of biomolecules—especially regarding secondary metabolites. These issues can contribute to the knowledge of the metabolic pathways and mechanisms involved during bloom formation. At the bottom of the flowchart, attention was given to the cultivation of dinoflagellates, and it made, according to the procedures, for optimizing the production of biomass from other cultivated microalgae species.



The development and use of robust platforms for data sharing and knowledge transfer/dissemination will certainly contribute and facilitate a fast achievement of new solutions regarding taxonomic and metabolic classifications. Several existing databases (e.g., Dictionary of Natural Products, AntiBase, MassBank and Global Natural Products Social Molecular Networking) can be used to share raw data that can contribute to the research advancement on biomolecules from dinoflagellate biomass [60,61].



The main products obtained from cultivating dinoflagellate biomass include: fatty acids that have sustainable applications for animal and human food, and for biodiesel production [62,63,64], the peridinin apocarotenoid and toxins that have strong antioxidant properties and helps to prevent the formation of tumors [65,66,67], and also the amino acids and polysaccharides that can also be used in biorefinery models.



The lack of suitable methods for culturing certain dinoflagellates limits potential in vitro and in vivo tests and the commercialization of new drugs. The main difficulty in cultivating dinoflagellates is the sensitivity to the shear forces [68]. The success in the production of dinoflagellate biomass, as well as an improvement in the biosynthesis of secondary metabolites, will be an important step to be achieved and represents a highly promising industry for the next decades [69].




6. Conclusions


This scientometric overview demonstrated a constant increase in the number of publications on dinoflagellates from 1970 to 2019. Most of the top publishing countries were recognized for an important marine fish production economy, with a clear interest in mitigating the impacts of harmful algal blooms on capture production and the associated economy. In addition, the United States and the United Kingdom are highly intertwined within a global research network. The bibliometric analysis of dinoflagellate-related publications indicated that there are more publications in developed regions compared with undeveloped regions. Furthermore, a clear research trend towards toxin producing dinoflagellate genera is evident compared to nontoxin-producing genera.



Although a high number of publications have been reported in this study, it is clear that dinoflagellate research will remain active and growing regarding (1) taxonomy and classification issues, (2) harmful dinoflagellate blooms and (3) cultivation and biotechnological use of dinoflagellate biomass. To address these gaps, international cooperation to make higher quality research can focus in future works based on published data (for example, meta-analysis-based approaches) to clarify taxonomic issues. Moreover, studies on the life-cycle assessment of dinoflagellate production must be considered in future works.
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Figure 1. Trend in the number of publications from 1970 to 2019. 
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Figure 2. World map according to the number of documents. 
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Figure 3. Visualization map of countries communities regarding dinoflagellate research. 
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Figure 4. Keywords communities and their associations regarding dinoflagellate research. 
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Figure 5. Representation of the number of publications related to specific genera of dinoflagellates. 
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Figure 6. Coefficient estimates (± 95% confidence intervals) indicating the magnitude and direction economic, environmental and social variables tested for a model of scientific production of dinoflagellates. Gray markers represent predictors without significant influence, red and green represent negative and positive effects, respectively. 
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Figure 7. Perspectives for future dinoflagellate research. 
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Table 1. Publications (n) distribution by countries.
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	Country
	M Habitants
	Dimension (M km2)
	n
	n/M Habitants
	n/103 km2





	United States
	331.00
	9,147,420
	4992
	15.08
	0.638



	Japan
	126.48
	364,555
	1590
	12.57
	4.265



	United Kingdom
	67.89
	241,930
	1541
	22.70
	6.354



	Germany
	83.78
	348,560
	1470
	17.54
	4.121



	France
	65.27
	547,557
	1393
	21.34
	2.526



	China
	1439.32
	9,388,211
	1256
	0.87
	0.131



	Canada
	37.74
	9,093,510
	1225
	32.46
	0.123



	Australia
	25.50
	7,682,300
	1110
	43.53
	0.144



	Spain
	46.75
	498,800
	958
	20.49
	1.898



	Italy
	60.46
	294,140
	619
	10.24
	2.054



	South Korea
	51.27
	97,230
	564
	11.00
	5.696



	Denmark
	5.79
	42,430
	260
	44.89
	6.036



	New Zealand
	4.82
	263,310
	437
	90.62
	1.615



	Netherlands
	17.13
	33,720
	423
	24.69
	10.186



	Norway
	5.42
	365,268
	419
	77.29
	1.088



	Sweden
	10.10
	410,340
	399
	39.51
	0.886



	India
	1380.00
	2,973,190
	352
	0.25
	0.107



	Russian Federation
	145.93
	16,376,870
	336
	2.30
	0.002



	Mexico
	128.93
	1,943,950
	336
	2.61
	0.171
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Table 2. Top 20 research centers.
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	Affiliation
	Country
	n





	CNRS Centre National de la Recherche Scientifique
	France
	494



	Alfred-Wegener-Institut Helmholtz-Zentrum für Polar-und
	Germany
	423



	Chinese Academy of Sciences
	China
	378



	Woods Hole Oceanographic Institution
	United States
	338



	IFREMER Institut Francais de Recherche pour I’Exploitation de la Mer
	France
	331



	Sorbonne Universite
	France
	286



	Københavns Universitet
	Denmark
	285



	Hokkaido University
	Japan
	250



	University of Bremen
	Germany
	238



	CSIC—Instituto de Ciencias del Mar ICM
	Spain
	233



	The University of British Columbia
	Canada
	222



	University of Tokyo
	Japan
	203



	Scripps Institution of Oceanography
	Canada
	201



	Instituto Espanol de Oceanografia
	Spain
	202



	Utrecht University
	Netherlands
	197



	Ministry of Education China
	China
	194



	Russian Academy of Sciences
	Russian Federation
	193



	University of Queensland
	Australia
	194



	Tohoku University
	Japan
	193



	Ocean University of China
	China
	188
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Table 3. Top 20 journals with published dinoflagellate research with the associated Impact Factor, CiteScore and number of documents (n).
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	Journal
	Impact Factor (2019)
	CiteScore (2019)
	n





	Harmful Algae
	3.707
	8.8
	749



	Journal of Phycology
	2.328
	4.6
	614



	Marine Ecology Progress Series
	2.326
	4.2
	509



	Journal of Plankton Research
	2.146
	3.9
	401



	Marine Biology
	2.050
	4.3
	322



	Review of Palaeobotany and Palynology
	1.425
	3.1
	251



	Toxicon
	2.201
	4.1
	259



	PLoS ONE
	2.740
	5.2
	257



	Journal of Environmental Marine Biology and Ecology
	2.247
	4.6
	237



	Limnology and Oceanography
	3.778
	7.5
	234



	Palynology
	1.330
	2.0
	236



	Hydrobiologia
	2.385
	4.7
	195



	Aquatic Microbial Ecology
	1.841
	3.2
	195



	Phycologia
	2.276
	3.7
	188



	Estuarine Coastal and Shelf Science
	2.333
	4.5
	186



	Marine Pollution Bulletin
	4.049
	6.7
	181



	Palaeogeography Palaeoclimatology Palaeoecology
	2.833
	5.1
	181



	Deep Sea Research. Part II Tropical Studies in Oceanography
	2.697
	6.6
	167



	Journal of Eukaryotic Microbiology
	2.143
	4.6
	148



	Marine Micropaleontology
	2.207
	3.7
	145
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Table 4. Top 20 mostly cited publications on dinoflagellate research.
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	Title
	Authors
	Year
	Journal
	Cited by
	Citations per Year





	Coral reefs under rapid climate change and ocean acidification
	Hoegh-Guldberg, O. et al.
	2007
	Science
	3029
	252.42



	A general method for isolation of high molecular weight DNA from eukaryotes
	Blin, N. et al.
	1976
	Nucleic Acids Res.
	2284
	53.12



	A review of harmful algal blooms and their apparent global increase
	Hallegraeff, G.M.
	1993
	Phycologia
	1694
	65.15



	Carbon to volume relationships for dinoflagellates, diatoms, and other protist plankton
	Menden-Deuer, S., Lessard, E.J.
	2000
	Limnol. Oceanogr.
	1418
	74.63



	Valuable products from biotechnology of microalgae
	Pulz, O., Gross, W.
	2004
	Appl. Microbiol. Biotechnol.
	1087
	72.47



	Ecological and toxicological effects of inorganic nitrogen pollution in aquatic ecosystems: A global assessment
	Camargo, J.A., Alonso, Á.
	2006
	Environ. Int.
	945
	72.69



	The evolution of modern eukaryotic phytoplankton
	Falkowski, P.G. et al.
	2004
	Science
	855
	57.00



	The effects of harmful algal blooms on aquatic organisms
	Landsberg, J.H.
	2002
	Rev. Fish. Sci. Aquac.
	793
	46.65



	Microalgal biomarkers: A review of recent research developments
	Volkman, J.K. et al.
	1998
	Org. Geochem.
	793
	37.76



	Harmful algal blooms: Their ecophysiology and general relevance to phytoplankton blooms in the sea
	Smayda, T.J.
	1997
	Limnol. Oceanogr.
	778
	35.36



	Iron-limited diatom growth and Si:N uptake ratios in a coastal upwelling regime
	Hutchins, D.A., Bruland, K.W.
	1998
	Nature
	754
	35.90



	Nuisance phytoplankton blooms in coastal, estuarine, and inland waters
	Paerl, H.W.
	1988
	Limnol. Oceanogr.
	693
	22.35



	Ocean acidification causes bleaching and productivity loss in coral reef builders
	Anthony, K.R.N. et al.
	2008
	P. Natl. Acad. Sci. USA
	690
	62.73



	The phagotrophic origin of eukaryotes and phylogenetic classification on protozoa
	Cavalier-Smith, T.
	2002
	Int. J. Syst. Evol. Micr.
	680
	40.00



	The role of microorganisms in coral health, disease and evolution
	Rosenberg, E. et al.
	2007
	Nat. Rev. Microbiol.
	678
	56.50



	Oceanic 18S rDNA sequences from picoplankton reveal unsuspected eukaryotic diversity
	Moon-Van Der Staay, S.Y. et al.
	2001
	Nature
	672
	37.33



	Unexpected diversity of small eukaryotes in deep-sea Antarctic plankton
	López-García, P. et al.
	2001
	Nature
	629
	34.94



	Flexibility and Specificity in Coral-Algal Symbiosis: Diversity, Ecology, and Biogeography of Symbiodinium
	Baker, A.C.
	2003
	Annu. Rev. Ecol. Evol. Syst.
	620
	38.75



	Analysis of a marine picoplankton community by 16S rRNA gene cloning and sequencing
	Schmidt, T.M. et al.
	1991
	J. Bacteriol.
	566
	20.21



	Identification of group—and strain-specific genetic markers for globally distributed Alexandrium (Dinophyceae). II. Sequence Analysis of a fragment of the LSU rRNA gene
	Scholin, C.A. et al.
	1994
	J. Phycol.
	558
	22.32
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