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How coral–Symbiodiniaceae mutualistic symbiosis is established, maintained, and disrupted is arguably the most fundamental and central area of coral research. The breakdown of this symbiosis, and consequent coral bleaching, have been frequently attributed to thermal stress, although microbial attack and pollution have also been blamed. Despite the perceived intense and broad research, it is unclear whether all the potential causes have been given adequate attention and whether some important areas have been overlooked. This work aims to comprehensively review the literature on coral and Symbiodiniaceae research and provide a portrait of the current coral research landscape, hence identifying areas that require more research effort. Data of publication output were extracted from the Web of Science (WoS) from 1986 to 2022 by using the keywords “coral” and “Symbiodiniaceae.” A total of 43,089 and 3,191 papers in the coral and Symbiodiniaceae were identified, mostly published after 2002. The journal Coral Reefs was ranked first regarding the total number of publications on coral or Symbiodiniaceae. The USA, Australia, and China were the top three countries in the number of publications. The network co-occurrence analysis of all keywords in coral and Symbiodiniaceae using VOSviewer showed that biodiversity, climate change, nutrient, and survival were the central research areas in coral and Symbiodiniaceae. Among them, climate change was the most invested research field, as revealed by the high proportion of published literature, while nutrient was the most understudied area. Thematic evolution analysis revealed that nutrient enrichment combined with elevated temperature was an emerging research field about coral and Symbiodiniaceae. Besides, nitrogen is currently the most studied nutrient. The findings from this study shed light on the trends of coral and Symbiodiniaceae research in the past 36 years, current research hotspots in the field, and areas that need more research investment going forward.
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Introduction

Coral reefs are one of the world’s most biodiverse and productive ecosystems (Ea and Ka-Kudla, 1997; Sully et al., 2019). Although they only cover less than 0.5% of the global oceanic area, they can provide indispensable products and services for humankind through fishery and tourism (Yap, 2013). In the coral reef ecosystem, corals are hosts to a group of exceptionally diverse dinoflagellate symbionts in the family Symbiodiniaceae (Baker, 2003). In this mutualistic relationship, coral can provide the inorganic nutrients and serve as shelter; in exchange, Symbiodiniaceae can provide its coral host with photosynthesis products (Muscatine and Porter, 1977). However, this mutualistic nutritional relationship is susceptible to environmental factors such as elevated temperature, ocean acidification, and nutrient enrichment (Davy et al., 2012; Thurber et al., 2014; Peixoto et al., 2017; Morris et al., 2019; Rädecker et al., 2021). Triggered by climate change and human activities, coral bleaching events have become widespread, and the coral reef ecosystem has been irretrievably damaged around the world in the past decades (Hughes et al., 2003; Putnam et al., 2017; Van Oppen and Lough, 2018; Sully et al., 2019). According to the IPCC Fifth Assessment Report, extensive coral bleaching is expected by 2050, and more than 95% of coral reefs will be subjected to long-term damage (Frieler et al., 2013). Therefore, how coral–Symbiodiniaceae mutualistic symbiosis is established, maintained, and disrupted is conceivably the most fundamental and central area of current coral research.

The breakdown of symbiosis between coral and Symbiodiniaceae and consequent coral bleaching have been frequently attributed to thermal stress (Baker, 2003; Yee and Barron, 2010; Lin et al., 2019). To make matters worse, one study reported that even limiting global warming to 2°C is unlikely to save most coral reefs (Frieler et al., 2013). Besides, nutrient enrichment combined with elevated temperature has been shown to cause coral bleaching historically and currently in the Red Sea (Manasrah et al., 2006; Silverman et al., 2007; Hall et al., 2018; DeCarlo et al., 2020). Furthermore, previous studies also reported that excess nutrients are detrimental to corals even at normal temperatures as they break up the symbiosis (Wiedenmann et al., 2013; Vega Thurber et al., 2014). Furthermore, microbial attack and pollution have also been blamed in recently published literature (Morris et al., 2019; Evans et al., 2020). Despite the perceived diverse and broad research, it is unclear whether all the potential causes have been given adequate attention and whether some important areas have been overlooked. Therefore, it is crucial to understand the historical development of the research field to further elucidate the transformation of the research landscape and identify future research priorities (Ubando et al., 2021). Bibliometrics, the application of mathematics and statistical methods to books and other media of communication serves as a quantitative analysis tool for written communications (Pritchard, 1969). This method is different from the traditional review of the literature and has acquired progressive importance in biomedical research (Ellegaard and Wallin, 2015; Thompson and Walker, 2015). However, the application of the method to coral and Symbiodiniaceae research is very limited, with only two examples available to us, which were limited to India coral reef research and black band disease (Mohan et al., 2011; Krishnaveni et al., 2021).

The research on coral and Symbiodiniaceae has flourished in the past decades and has accrued a considerable amount of literature parallel to the increase in coral bleaching events. This study aims to comprehensively review the research landscape of the coral and Symbiodiniaceae through a comprehensive bibliometric analysis. The first objective is to reveal the central scientific realm of current coral and Symbiodiniaceae research. The second objective is to explore potential crucial areas that are currently overlooked. The third objective is to identify a direction for future research on corals and Symbiodiniaceae based on research development trends and the research hotspots.



Methodology


Data sources

The Web of Science (WoS) database was developed by Thomson Reuters and has collected literature since 1980 (Şenel et al., 2017). Now WoS is considered a principal quality-oriented database worldwide and contains a more standardized record for retrieving the global scientific literature for multidisciplinary fields and research areas (Falagas et al., 2008; Lai et al., 2022; Zhou et al., 2022). Thus, the WoS database was used to search for the literatures on corals and Symbiodiniaceae in this study.



Search strategy

The first coral-related article recorded in the WoS database was from 1986. Therefore, we used the advanced search function to retrieve related publication on corals and Symbiodiniaceae for 36 years in the initial stage from 1986. This study defined appropriate keywords for search after reviewing highly cited literature on coral research. The search terms included the title, abstract, keywords in articles (author keywords), and keywords plus as follows: TS=((“coral”) AND (“coral” and “temperature”) AND (“Symbiodiniaceae) AND (“Symbiodiniaceae” and “temperature”) (“coral” and “Symbiodiniaceae”) AND (“coral”, “Symbiodiniaceae” and “temperature”) AND (“coral, “Symbiodiniaceae”, “temperature” and nutrient)). The keywords plus is the keyword that WoS adds relevance to the original article through clustering under a certain algorithm, which can increase the hit rate of the article relative to the author keyword alone when the reader searches for the article (Zhang et al., 2016). The name of “Symbiodiniaceae” has been changed many times, from “zooxanthella”, “zooxanthellae”, “Symbiodinium”, to “Symbiodiniaceae”. Therefore, when searching Symbiodiniaceae, the results from using these four names were synthesized. Our survey carried out on 2 January 2022 spanned 1986 to 2022. A file containing the Full Record (including author, title, source, abstract) and Cited References of each paper was downloaded and available at: https://data.mendeley.com/drafts/h6sr2ys5yf.



Summary of article information

The numbers of papers published each year, countries or regions of the authors, and the journals publishing the papers were analyzed in the WoS platform. Among them, the number of papers published each year was summarized in Microsoft Excel, and the countries or regions of the author were counted and displayed through the MapChart website. The web link of MapChart was https://mapchart.net/world.html. Only the top 10 coral or Symbiodiniaceae research countries were selected for display on the world map.



Co-occurrence of the keywords

In order to better grasp the focal areas and hotspots of coral and Symbiodiniaceae research, the bibliometric co-occurrence of keywords was conducted through VOSviewer visualization analysis (Van Eck and Waltman, 2010). The keywords used in this analysis were all keywords, including the keywords that the authors designated in the article’s keyword field and the keywords plus. Because some keywords have the same meaning in the co-occurrence map, the results from related terms such as coral-reef, coral-reefs, reef-coral, and reefs coral were merged manually. The colors of keywords indicate the cluster to which a keyword was assigned by the clustering technique developed by Van Eck (Van Eck and Waltman, 2010). Note that, in this display, and subsequently, we have ignored the search term itself (in this case, “coral” or “Symbiodiniaceae”) following previous reports, as it must always be the most frequent term and must always, therefore, dominate the map of co-occurrences (Einecker and Kirby, 2020).

Because the above-described analyses indicated that the temperature was the most extensively studied environment factor regarding corals and Symbiodiniaceae, further analyses were focused on temperature. We used a keywords scheme: TS = (“coral”, “Symbiodiniaceae”, and “temperature”) was searched again, and the relationship between temperature and other keywords and the relationship between nutrient and other keywords were highlighted in the figure. Note that the keyword “temperature” includes “temperature”, “thermal stress”, “thermal tolerance”, “heat stress”, “global warming”, “sea surface temperature”, “elevated temperature”, “temperature stress”, “temperature tolerance”, “water temperature”, “seawater temperature”, “ocean warming”, “ocean temperature”, and “heat tolerance”. Only keywords that appeared above five times were retained in the co-occurrence map.



Thematic evolution and thematic map

In order to better explore the origin, interrelationship, tendency, and value of the primary thematic areas, thematic evolution (TE) and thematic map (TM) were conducted using an R-package bibliometrix. For TE, a time span in different time slices was divided to plot and study the topic evolution using the Sankey diagram. The five time slices were set based on the marine climate change events such as El Niño in 1997, La Niña in 2007, and mass coral bleaching events in 2015, i.e., [1980–1997], [1998–2007], [2008–2014], [2015–2019], [2020–2022] for keywords plus from coral or Symbiodiniaceae research alone, and [2003–2007], [2008–2014], [2015–2017], [2019–2019], and [2020–2022] for keyword plus from the combination of coral, Symbiodiniaceae, and temperature. The parameter settings of the TM were set as follows: Field: keywords plus; Number of Words: 1000; Min Cluster Frequency: 5; Min Weight Index: 0.1; Label Size: 0.3.

For TM, each cluster/theme can be represented on a particular plot, where the X-axis is the relevance degree (Centrality) and the Y-axis is the development degree (Density) (Cobo, 2011). The Density is the strength of internal ties among all the keywords used to describe the research theme, and the Centrality is the strength of external ties to other themes by exploiting the author’s keywords field. Besides, the TM map is divided into four quadrants, namely, (1) Motor Themes, which are considered significant and well-developed in this field of research and located in the first quadrant; (2) Niche Themes, which are thought to be highly developed and isolated themes and are located in the second quadrant; (3) Emerging or Declining Themes, which are located in the third quadrant, indicating that there are no notable developments in this field of research, probably because they have just emerged or are about to disappear; and (4) Basic Themes, which are considered basic and transversal as they are located in the fourth quadrant (Cobo, 2011). The parameter settings of the TM are as follows: Field: keywords plus; Number of Words: 1000; Min Cluster Frequency: 5; Number of Labels: 3; Label Size: 0.3.




Results and discussion


Annual publication and the leading countries/regions

Totally, 43,089 and 3,191 papers related to the coral and Symbiodiniaceae were identified on WoS until 2 January 2022, respectively (Table 1). In the first 17 years (1986–2002), only 406 and 13 papers reporting coral and Symbiodiniaceae were published, respectively, and the number increased very slowly over time, only accounting for about 1% of all the studies (Figure 1). In the next 20 years (2003–2022), the number of research articles in this field increased rapidly, with the maximum number of coral research papers reaching 3,494 in 2020 alone and the maximum number of Symbiodiniaceae papers reaching 265 in 2021 alone. This may be related to the widespread coral bleaching events in 1995 and 2002 that attracted extensive attention (DeCarlo et al., 2020). Besides, 2015 was also a year of severe coral bleaching events (Johnston et al., 2020; DeCarlo et al., 2020). Because the deadline for statistics is 2 January 2022, the number of article count is small in 2022 (Figure 1).


Table 1 | The total number of articles from WoS keyword search (January 2, 2022).






Figure 1 | Annual number of published articles on coral and Symbiodiniaceae from 1986 to 2022 counted from the Web of Science (WoS).



The numbers of articles per journal for coral and Symbiodiniaceae are summarized in Tables 2, 3, respectively. The results showed that Coral Reef was the most preferred outlet not only for coral but also for Symbiodiniaceae research work. This journal published 2,102 (account for 4.88% of total publications) on corals and 293 (account for 9.18% of total publications) for Symbiodiniaceae. Marine Ecology Progress Series and PloS One were also popular journals for corals, and PloS one and the Journal of Experimental Marine Biology were another two popular journals for Symbiodiniaceae. However, most articles (77.27% for coral and 62.18% for Symbiodiniaceae) have been published in many other journals, indicating that the research works on coral and Symbiodiniaceae received the attention of many journals (Tables 2, 3).


Table 2 | The number of papers per journal for the keyword search on “coral” (item no. 1 in Table 1) based on the WoS (2 January 2022).




Table 3 | The number of documents per journal for the keywords in Symbiodiniaceae research (item no. 3 in Table 1) based on the WoS (2 January 2022).



From information of the author’s affiliation, 123 countries were found to have been involved in the coral and Symbiodiniaceae research. Among them, USA (10,653 publications), Australia (6,016 publications), China (4,125 publications), Japan (1,852 publications), the UK (1,734 publications), and France (1,588 publications) were ranked the top six prolific countries in coral research. USA (932 publications), Australia (499 publications), China (275 publications), Japan (256 publications), UK (98 publications), and Israel (93 publications) were the top six productive countries in Symbiodiniaceae research. This result showed that the research on coral and Symbiodiniaceae had been mainly concentrated in economically developed countries. As such, there is a potential that the status of coral reefs in economically underdeveloped countries is less studied and understood. For example, the Philippines has a long coral reef coastline, but it is not in the top 10 countries for coral or Symbiodiniaceae research (Figure 2).




Figure 2 | The number of publications for each geographic region on the world map.





Co-occurrence of the keywords from coral or Symbiodiniaceae research

We first examined the co-occurrence of keywords related to coral research (Figure 3 and Table 4). Due to the huge number of papers published in coral, we showed the keywords through clusters and attempted to interpret the clusters by assessing the keywords most closely associated with each of the six clusters, especially the largest nodes, as size reflects the frequency of appearance (Moral-Muñoz et al., 2019). The results showed that the category (in red) including keywords of “diversity”, “pattern”, “fish”, “resilience”, “conservation”, “impacts”, and “management” was the most popular research area for corals, which can be interpreted as “biodiversity”. The second category (blue) was interpreted as “symbiosis”, which covered “Symbiodiniaceae”, “scleractinian corals”, “genome”, “mechanism”, and “coral disease”. The third category (green) can be called “climate change”, which includes “temperature”, “sea” and “sea level rise”. The fourth category (purple) can be described as “nutrient”, which contains “climate change”, “ocean acidification”, “photosynthesis”, “carbon”, “nutrient”, “phosphorus”, “nitrogen”, “copper”, and “sediment”. The fifth category (kelly) can be regarded as “survival”, which comprises “evolution”, “population”, “connectivity”, and “reproduction”. The last category (cyan), related to “growth”, “recruitment”, “mortality”, and “settlement”, was the least studied research area for corals.




Figure 3 | The bibliometric co-occurrence of the keyword clusters in coral research. Note: The color of keywords indicates the cluster to which a keyword was assigned. Only keywords that appeared over 10 times were retained. The thickness of a line indicates link strength.




Table 4 | VOSviewer clusters “coral”.



For Symbiodiniaceae, the keywords used in co-occurrence analysis were from 3,191 Symbiodiniaceae articles (Figure 4; Table 5). The results showed that the first category (in Kelly), including “climate change”, “photosynthesis”, “coral bleaching”, “temperature”, “oxidative stress”, and “thermal stress”, was the most explored research area, which can be interpreted as “vulnerability”. The second popular research area (red), described as “biodiversity”, was related to “diversity”, “specificity”, “dinoflagellate”, “endosymbionts”, “genome”, and “evolution”. The third category (green) covered “coral”, “growth”, “gene expression”, “ocean acidification”, “calcification”, and “transcriptomics” and was named “mechanism”. The fourth category (blue), comprised of “coral reef”, “community”, “resilience”, “nutrient enrichment”, “nitrogen”, and “nutrient”, can be called “nutrient”. The fifth category (purple), which was related to “scleractinian coral”, “light”, “carbon”, “heterotrophy”, “fatty acid”, and “Red Sea”, was termed “CO2 fixation”. The last category (cyan), including “mortality”, “reproduction”, “microbial”, “flexibility”, “recruitment”, and “conservation”, was the least studied research area for Symbiodiniaceae and can be named “survival”.




Figure 4 | The bibliometric co-occurrence of the keyword clusters in Symbiodiniaceae research. Note: Only keywords that appeared over ten times were retained.




Table 5 | VOSviewer clusters “Symbiodiniaceae.”.



From the above result, we can see that the research fields of climate change, biodiversity, nutrient, and survival were the central research area not only for corals but also for Symbiodiniaceae (Figures 3, 4). In addition, the circle size of ocean acidification is larger than that of nutrient and most other keywords in Figure 4. However, recent indoor studies demonstrated that Symbiodiniaceae community composition was hardly affected by ocean acidification, suggesting that more field studies on Symbiodiniaceae responses to ocean acidification are required while considering the experimental period and acidification intensity (Ge et al., 2021; Zhou et al., 2021). It is worth mentioning that a field with relatively limited research is not necessarily an unpopular field but can be the latest research field. For example, the circle size of nitrogen is smaller than most other keywords in Figure 3 and Figure 4, but it is currently the prevalent environmental factor in explaining coral bleaching under elevated temperatures, especially the ammonium (Rädecker et al., 2015; Xiang et al., 2020; DeCarlo et al., 2020; Rädecker et al., 2021). Therefore, to show the development of the research associated with the latest keywords and highlight the current research hotspots, the thematic evolution over time for coral and Symbiodiniaceae was described below.



Thematic evolution of keywords over time for coral and Symbiodiniaceae

For coral, five subperiods were set to show the thematic evolution in the Sankey diagram (Figure 5). The results showed that “diversity” was the popular thematic area in coral research, which first appeared in 1998–2007 and further developed in the following three subperiods from 2008 to 2022 (Figure 5A). Besides, “climate change” was another hotspot, which appeared three times among five subperiods, and “temperature” was the only environmental factor in the Sankey diagram. Indeed, there are 7,834 reports on “coral” accompanied by “temperature”, which accounted for 18.18% of coral research (Table 1). Although extensive coral bleaching was first reported in eastern Jamaica (Goreau, 1964), the “Great Barrier Reef” was the only place in the Sankey diagram, indicating that the eastern Jamaican reef has not been a hot spot for coral research.




Figure 5 | Thematic evolution of keywords in coral (A) and Symbiodiniaceae research (B). Each box in the map denotes a theme, and the size of the boxes is proportional to the number of documents associated with each theme. The flows connect each box showing the evolution traces of the theme, and the thicker the connecting line, the higher the linkage of the two themes.



For Symbiodiniaceae, the results showed that “Ca2+ ATPase activator” is a relatively early research field in Symbiodiniaceae as the keyword frequently appeared from 1986 to 1997, but it was not developed in the following three subperiods (Figure 5B). On the contrary, “diversity” first appeared in the subperiod of 1998 to 2007 and further developed in the following three subperiods from 2008 to 2022, showing that diversity research has always been a hot research area in Symbiodiniaceae and corals (Figure 5). Among the diversity research, metabarcoding is a crucial method for biodiversity assessment of Symbiodiniaceae communities (Smith et al., 2017). Furthermore, the ITS2 gene was the preferred primer in Symbiodiniaceae diversity research than other primers such as 23S rRNA (Thomas et al., 2014). Besides, “trace metals” was the first keyword of nutrient that appeared in the subperiod of 2015 to 2019, and another was the “dissolved inorganic nitrogen” that appeared in the subperiod of 2020 to 2022, indicating that research on nutrients in Symbiodiniaceae has attracted greater research attention in the last 7 years. Indeed, previous research found that the cnidarian host uses nitrogen limitation as a primary mechanism to control endosymbiont populations, and altered nutrient cycling (mainly nitrogen) during heat stress is a primary driver of the functional breakdown of the symbiosis (Xiang et al., 2020; Rädecker et al., 2021). However, it must be noted that the research on nutrients in coral reef ecosystems has received attention for a long time. For example, Stambler et al. reported that nutrient enrichment could slow the skeletal growth rate of Pocillopora damicornis, and Bruno et al. found that nutrient enrichment can significantly increase the severity of Gorgonia ventalina and Montastraea annularis (Stambler et al., 1991; Bruno et al., 2003). Moreover, the keyword “gene expression” appeared in the subperiod of 2015 to 2019, showing that research began to explore its internal molecular mechanisms. This is confirmed by the appearance of “RNA-seq”, “transcriptomics”, “genome”, and “mechanism” in VOSviewer (Figure 4; Table 5).



Thematic map of keywords from coral and Symbiodiniaceae research

The thematic map allows visualization of four different typologies of themes based on the two dimensions (Density and Centrality). The results showed the same distinct keyword distribution between coral and Symbiodiniaceae in the thematic map (Figure 6). For coral, the keywords “coral reef”, “climate change”, “Great Barrier Reef”, “diversity”, and “Symbiodiniaceae” were distributed in Basic Themes, the keywords “pattern”, “growth”, “communities”, “management”, and “ecology” were distributed in Motor Themes, and the keywords “evolution”, “identification”, “morphology”, “cnidaria”, “performance”, “population structure”, “natural products”, “derivatives”, “chemistry”, “toxicity” were found in Emerging or Declining Themes. Besides, no keyword was found in Niche Themes for coral (Figure 6A).




Figure 6 | Thematic map of keywords in coral (A) and Symbiodiniaceae research (B). Only five keywords of each cluster were shown on the map.



For Symbiodiniaceae, the keywords “oxidative stress”, “heat stress”, “photosystem II”, “ultraviolet radiation”, and “elevated temperature” were distributed in Basic Themes, “photosynthesis”, “temperature”, “growth”, “Stylophora pistillata”, “light”, “coral reef”, “climate change”, “diversity”, and “specificity” were distributed in Motor Themes, “stress”, “gene expression”, “response”, “mechanisms”, and “identification” occurred in Niche Themes, and “reproduction”, “settlement”, “acquisition”, “planula larvae”, “recruitment”, “Great Barrier Reef”, “scleractinian coral”, “P. damicornis”, “mortality”, and “Red Sea” were found in Emerging or Declining Themes (Figure 6B). Among the above keywords, “climate change”, “diversity”, “Great Barrier Reef”, “identification”, and “growth” were the shared research area for coral and Symbiodiniaceae, indicating that they are important and need more attention (Figure 6).

Compared with corals, the keywords “gene expression” and “mechanism” appeared in Symbiodiniaceae in Niche Themes, which revealed that gene level research was increasingly becoming more popular in Symbiodiniaceae (Figure 6). So far, 12 species from five of the genera have been subjected to genome sequencing: they are Breviolum minutum (Shoguchi et al., 2013), Fugacium kawagutii (Lin et al., 2015; Liu et al., 2018; Li et al., 2020), Symbiodinium microadriacticum (Aranda et al., 2016), Cladocopium goreaui (Liu et al., 2018), Symbiodinium sp., Cladocopium sp. (Shoguchi et al., 2018), Durusdinium trenchii (Shoguchi et al., 2021), Symbiodinium tridacnidorum, Symbiodinium linucheae, Symbiodinium necroappetens, Symbiodinium natans, and Symbiodinium pilosum (González-Pech et al., 2021). This is due to advances in sequencing technology and a dramatic drop in sequencing costs. In addition, more than 15 species of corals had their genomes sequenced in recent years (Shinzato et al., 2021). The reason why “gene”, “genome”, or “mechanism” does not appear in the thematic map and thematic evolution is that the research in other fields has developed ahead.



Co-occurrence of the keywords from the combination of coral, Symbiodiniaceae, and temperature research

From the above results of co-occurrence, thematic evolution, and thematic map, we found that temperature was the most studied environmental factor in coral and Symbiodiniaceae (Figures 3–6). Therefore, coral and Symbiodiniaceae combined with temperature were used as the keywords to search on WoS, and it retrieved 1,293 articles (Table 1). Then the co-occurrence of the keywords from 1,293 articles was analyzed using VOSviewer visualization (Figure 7). The results showed that the first cluster (in green) related to “coral bleaching”, “photosynthesis”, “oxidative stress”, “photosystem II”, “photoinhibition”, “CO2 fixation”, and “ultraviolet radiation” was the most popular research area, indicating that temperature mainly influences the photosynthesis of symbionts and thus potentially affects the carbon sequestration capacity of coral reef ecosystems (Table 6). For example, Effrenium voratum and Cladocopium spp. showed a decreased maximum quantum yield of PSII (Fv/Fm) under heat stress condition (32°C) than the control condition (25°C), which can be ascribed to pigment loss, photosynthetic apparatus damage, and inhibition of the repair of photodamaged PSII under heat stress conditions (Takahashi et al., 2004; Tolleter et al., 2013; Krueger et al., 2014). To make matters worse, recent studies found that elevated temperature not only reduced symbiont primary productivity but also induced more resource sequestration in the symbionts for their own growth, thus decreasing photosynthate translation to coral host and turning the mutualistic relationship into a parasitic relationship (Baker et al., 2018; Claar and Wood, 2020). The result also indicates that temperature is likely the cause of oxidative stress (Figure 7).




Figure 7 | The bibliometric co-occurrence of the keyword clusters in coral and Symbiodiniaceae combined with temperature research. Note: Only keywords that appeared above five were retained.




Table 6 | VOSviewer clusters “Symbiodiniaceae”, “coral”, and “temperature”.



The cluster (blue) of keywords “diversity”, “specificity”, “dinoflagellate”, “community”, “pattern”, and “ecology” was the second most popular research area, which can be interpreted as “biodiversity” (Table 6). The family Symbiodiniaceae is diverse, including nine genera of Symbiodinium, Breviolum, Cladocopium, Durusdinium, Effrenium, Fugacium, Gerakladium, clade H, and clade I (LaJeunesse et al., 2018). Many corals are relatively flexible in the type of algal symbiont they contain, but one type is usually dominant in any given species, such as Breviolum in the coral Madracis decactis and Durusdinium in P. damicornis (Baker et al., 2004; Varasteh et al., 2021; Zhou et al., 2022). Generally, Cladocopium and Durusdinium are dominant among Symbiodiniaceae which can establish a symbiotic relationship with corals, and most species in Durusdinium seem to be more tolerant of high temperature (Rowan, 2004; Chen et al., 2020). As such, the elevated temperature often leads to the shuffling of the symbiont community, such as from a Cladocopium-dominant community to a Durusdinium-dominant community (Baker, 2003; Baker et al., 2004; Abbott et al., 2021).

The third cluster (kelly) related to “gene expression”, “stress”, “mechanism”, “genome”, and “cell death” can be called “mechanism” (Table 6). Our understanding of the biodiversity and molecular response of coral and Symbiodiniaceae to elevated temperature is rapidly increasing with the advances in high-throughput sequencing in recent years, such as DNA-barcoding and transcriptome (Lin et al., 2019; Chen et al., 2020; Li et al., 2021). The fourth cluster (red), including “scleractinian corals”, “S. pistillata”, “growth”, “light”, “calcification”, and “ocean acidification”, was named “sufferer”. The fifth cluster (cyan) highlights the keywords of “resilience”, “P. damicornis”, “South China Sea”, and “coral disease”, indicating that the South China Sea was the main area for research on coral bleaching triggered by elevated temperature. This is consistent with the fact that China is the third most productive country in coral and Symbiodiniaceae research (Figure 2). The last cluster (orange) covers the keywords “climate change”, “acclimatization”, and “future”, which was the least studied area in the research on coral and Symbiodiniaceae combined with temperature.



Thematic evolution and thematic map of keywords from coral, Symbiodiniaceae, and temperature research

When searching for articles using the combination of keywords coral, Symbiodiniaceae, and temperature in WoS, we found that the first paper was published in 2003. Therefore, five subperiods were set to explore the thematic evolution from 2003 (Figure 8A). The results showed that the keywords “photosynthesis”, “diversity”, “climate change”, “response”, and “stress” appeared more than three times (inclusive) in the five subperiods, indicating they have been the central research areas. Besides, “evolution”, “nitrogen”, “mortality”, “population density”, and “growth” appeared twice within the five subperiods. Furthermore, the keyword “gene expression” was first found in the subperiod of 2018 to 2019, indicating that the research of temperature effects on coral and Symbiodiniaceae was rapidly advancing toward the gene level since around 2018.




Figure 8 | Thematic evolution and thematic map of the keywords from the combination of coral, Symbiodiniaceae, and temperature research. (A) thematic evolution; (B) thematic map.



Among the various nutrients, nitrogen and copper were two nutrients that appeared in this analysis (Figure 8; Figure S1). The keyword “nitrogen” appeared three times in the thematic evolution, and “nutrient enrichment” first appeared in the subperiod of 2020 to 2022, indicating that nutrients, especially nitrogen, might be the latest addition to temperature effect research on corals and Symbiodiniaceae (Figure 8A). Besides, current studies have shown that elevated nutrient loading can increase coral bleaching, and increased levels of dissolved inorganic nitrogen can aggravate the susceptibility of corals to temperature- and light-induced bleaching (Donovan et al., 2013; Wiedenmann et al., 2013; D’Angelo and Wiedenmann, 2014; Vega Thurber et al., 2014). Furthermore, recent experiments have also unveiled nutritional mechanisms that regulate bleaching and highlighted excess nutrients as a cause of converting algal symbionts into parasitism (Baker et al., 2018; Morris et al., 2019; DeCarlo et al., 2020). However, other studies also reported that the dissolved inorganic nutrients delivered by upwelling could relieve the stress caused by elevated temperature, illustrating that nutrients may have two faces in mediating coral bleaching triggered by temperature (Riegl et al., 2019). Therefore, a high concentration of nutrients can increase the temperature tolerance of corals and help corals survive under heat stress, while excess nutrients are detrimental to corals even at normal temperatures as they stimulate algal blooms causing shading over corals (Rasher et al., 2011). In addition, different forms of nitrogen (such as ammonium, nitrate, and urea) may have different impacts on the thermal tolerance of corals. For example, nitrate loading can increase coral bleaching more than urea in coral Acropora and Pocillopora, and nitrate enrichment reduces the threshold of thermal tolerance, while ammonium enrichment tends to benefit coral S. pistillata’s health (Fernandes de Barros Marangoni et al., 2020; Burkepile et al., 2020). Unlike nitrogen, many copper-related studies have focused on the toxic effects of copper enrichment combined with temperature (da Silva Fonseca et al., 2017; da Silva Fonseca et al., 2019; Banc-Prandi and Fine, 2019; Banc-Prandi et al., 2021).

In the thematic map, all keywords were distributed in Motor Theme and Emerging or Declining Themes (Figure 8B). In Motor Theme, the keywords were clustered into three categories. Among them, “climate change”, “diversity”, “scleractinian corals”, “Great Barrier Reef”, and “pattern” were clustered together (in red), “oxidative stress”, “photosynthesis”, “S. pistillata”, “photosystem”, and “ultraviolet radiation” were clustered as another category (blue), and “growth”, “ocean acidification”, “mortality”, “calcification”, and “susceptibility” formed yet another (purple). The keywords were clustered into three categories in Emerging or Declining Themes. Among them, “stress”, “gene expression”, “resilience”, “P. damicornis”, and “responses” were clustered in the green category, “mucus”, “nitrogen fixation”, “sulfur compounds”, and “dimethyl sulfide” were clustered in the orange category, and “larvae”, “fertilization success”, “Vibrio shiloi”, “copper”, and “soft corals” were clustered in the brown category. These results showed that the corals S. pistillata and P. damicornis were the preferred species for studying coral responses to elevated temperatures. Besides, V. shiloi first appeared in Emerging or Declining Themes, indicating that V. shiloi is involved in temperature-induced coral bleaching and needs further research as the keyword appeared only seven times (Figure 8B).




Conclusion and future direction

Climate change and human activities cause coral bleaching and mortality, threatening coral reefs globally. This study provides a complete description of coral and Symbiodiniaceae using the comprehensive bibliometric survey to understand the dynamics of knowledge production in the field. The results showed that elevated temperature, diversity, nutrients, survival, and mechanism are central research areas for both corals and Symbiodiniaceae. Among them, the elevated temperature was the main culprit for coral bleaching, and thus a large volume of literature reports it (accounting for 18.18% of total coral research; 42.09% of total Symbiodiniaceae research). Further analysis revealed that the elevated temperature mainly influenced the biodiversity of coral or Symbiodiniaceae and photosynthesis of symbionts, which was reflected by high-frequency keywords of diversity, photosynthesis, photosystem II, and photoinhibition.

Consequently, temperature affects the carbon sequestration capacity of coral reef ecosystems, as confirmed by keywords of CO2 fixation. Besides, coral S. pistillata and P. damicornis are the two main coral species studied in response to elevated temperature stress, and V. shiloi may be involved in coral response to elevated temperature. Furthermore, the number of sequenced Symbiodiniaceae and coral genomes has grown, suggesting that the research was intensively advancing toward the gene level, especially in Symbiodiniaceae. In addition, nitrogen and copper were involved in the research of elevated temperature, and the nutrient enrichment appeared in the subperiod of 2020 to 2022 from thematic elevation, indicating a new research direction of nitrogen nutrient and toxic copper in coral response to a high-temperature environment, which needs further attention. The present study provides the first general overview of coral reef research and sheds light on research hotspots and gaps that may inform future research direction.
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