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ABSTRACT 

The increasing frequency and severity of bleaching events have caused global losses in 

coral cover and diversity over the last decade. Scleractinian corals capable of heterotrophic 

energy acquisition are thought to be better able to resist and recover from bleaching events, but it 

remains unclear if trophic plasticity is species specific or geographically constrained. I aimed to 

use the last 10 years’ worth of literature to answer these questions and to see if there were tools 

available to help me sort through the literature with more ease. This project had two goals: 1) test 

the viability of text analytic tools to categorize coral heterotrophic literature and 2) using the 

same literature, identify if there are genera specific differences between trophic modes, how do 

different trophic modes respond to stress, and if trophic modes display regional differences 

around the world. A topic modeling approach was utilized to conduct a more objective 

exploration of the existing literature and was able to automatically categorize all publications 

into eight major topics that represent the dominant research efforts over the last decade. I was 

able to use topic modeling to automate parts of the review process, namely topic formation, by 

grouping similar publications together that represented the focus of research. With that step, I 

was able identify where the most research has focused, and where it has been lacking much 

faster than the traditional, manual review approach. Answering the specific questions I sought 

about trophic modes, coral genera, and regional differences still needed to be conducted 

manually, however context surrounding those answers were greatly informed and expedited by 

topic modeling efforts. With the ever-growing body of literature, text analytic tools can help 

researchers facilitate their reviews and meta-analyses faster. Quicker publication of reviews and 

meta-analysis will lead to better informed and robust research. With my manual analysis, I found 

that Acropora, Pocillopora, and Stylophora coral genera were more likely to exhibit mixotrophy 

than other genera studied in the past 10 years. Mixotrophic genera were found to be more likely 

to survive a stress event than auto- or heterotrophy alone, but primarily autotrophic corals were 

still found to be resilient in certain situations. Trophic strategies were also found to display 

regional differences, and studies found more instances of mixotrophic corals in the Red Sea 

region than any other. I saw instances of specific corals displaying trophic differences among 

regions as well. This supports the existing understanding that trophic plasticity is species-

specific, but also leads credence to the idea that trophic plasticity can be influenced by 

environmental conditions. My topic modeling and meta-analysis findings show that a more 



 

 iv 

thorough understanding of individual coral trophic responses in varying locations and 

environmental conditions is needed to better support the continued survival of coral reefs 

worldwide. This knowledge is crucial to the success of conservation and management strategies 

regionally and on a local level.   
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INTRODUCTION 

Coral reefs are declining rapidly due to a myriad of stressors at an unprecedented rate 

[1,2]. With a projected 2°C rise in global sea surface temperatures (SST) by 2050, coral reefs are 

expected to continue experiencing detrimental declines [3]. They face even greater difficulty 

persisting in warmer waters when that stress is compounded with seawater acidification, 

eutrophication, and other anthropogenic pollutants [1]. Coral reefs have historically been capable 

of recovering from acute natural disturbances, leading to selection that favors more resilient 

species [4]. However, the growing prevalence and intensity of current, chronic, anthropogenic 

stressors have weakened the capacity for corals to recover from disturbance [3]. With increasing 

temperatures exacerbating the negative impacts that other stressors have to coral reefs, the future 

existence and success of corals is of great concern [3]. Anywhere from 70-90% of the world’s 

reefs are predicted to be lost if global temperatures alone pass the 1.5˚C benchmark; this does not 

account for the other stressors corals face [5]. 

Rising SST are causing coral reefs to experience bleaching events at a higher frequency 

than in the past, with them now occurring almost yearly [6,7]. This has been identified as a 

primary threat to the survival of coral reefs worldwide [8,9]. Historically, small scale bleaching 

events were not uncommon. Unfortunately, global bleaching events and associated mass 

mortality of corals went from a projected occurrence of every 25-30 years in the beginning of the 

1980s to every 5.9 years as of 2016 [10]. Bleaching events were primarily driven by severe El 

Niño Southern Oscillation phases (ENSO), but there are now prolonged extreme heating weeks 

occurring outside of ENSO phases making reefs increasingly susceptible to mass bleaching. The 

vibrant colors that corals possess come from the photosynthetic endosymbionts that reside in 

their tissue. When there is an expulsion of these endosymbionts from the coral tissue, typically 

due to thermal stress, but can also be triggered by other events, corals lose their color; i.e., 

bleaching [11]. Corals experience detrimental physiological responses to bleaching including 

reduced reproductive potential, reduced calcification rates, thus are more susceptible to 

conditions of reduced health and disease due to impaired capacity for energy acquisition [12]. 

Sedimentation can also induce bleaching in corals and is posing more of a threat as coastal 

development (housing and urbanization), agricultural enterprises, and marine infrastructure 

(military and ports) continues to increase [13]. Research has shown corals to be able to withstand 

various stressors but become less resilient when those stressors are compounded or prolonged 
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[14,15]. Bleaching, either due to thermal stress or even sedimentation, impacts coral survival; 

thus, a deeper understanding of heterotrophy may indicate how corals can acquire energy to 

support resilience in the face of different sources of environmental stress.   

Most scleractinian corals rely primarily on autotrophically-acquired carbon provided by 

their endosymbionts for the bulk of their energetic needs, and once bleached, they either struggle 

or are unable to make up the nutritional deficiency associated with the expulsion of their 

endosymbionts [16]. Despite adapting to acquiring energy from mutualistic symbionts, 

scleractinian corals do utilize heterotrophy to gain adequate supplies of nitrogen and phosphorus 

to allocate towards tissue growth, as the photosynthates derived via autotrophy are not sufficient 

in quantity or considered as nutritionally robust [17–20]. Heterotrophically-acquired carbon 

typically makes up a small portion of a healthy coral’s overall energy budget, anywhere from 15-

35% [18]. However, this carbon can be used to sustain up to 100% of the metabolism for the 

entire holobiont (comprising the coral animal, endosymbionts, and its corresponding 

microorganisms) during a bleaching event if the coral can successfully acquire nutrients through 

direct feeding mechanisms [6]. Coral species capable of meeting their carbon metabolic needs 

through heterotrophically captured organic matter may have higher resistance to physiological 

stress and greater potential for survival in the face of rapidly changing climatic conditions [21]. 

Heterotrophy in corals was first reported in the early 20th century and has since been 

investigated in several scleractinian coral species found throughout the global ocean 

[17,18,22,23]. Heterotrophy allows for diverse forms of organic carbon, such as lipids and fatty 

acids, to be acquired and utilized for coral metabolism and can promote resistance to thermal 

stress [6,12,24]. Many studies have found that only a few corals species primarily utilize 

heterotrophy or can switch when conditions do not favor energy acquisition from their 

endosymbionts [16,18,21,25]. Heterotrophically-acquired elements can enable temperature-

stressed and bleached corals to calcify, promote chlorophyll a concentration retention in their 

endosymbionts, and maintain/increase fecundity until their endosymbionts can resume 

photosynthesizing [6,26,27]. With projected increases in SST associated with climate change, it 

is important to identify coral species capable of adapting their mechanism of energy acquisition 

to buffer themselves against harmful physiological responses to thermal stress [28,29]. 
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The benefits of heterotrophically-acquired carbon in corals are understudied [30]. What is 

known is that several factors limit heterotrophy from supporting coral metabolism when 

autotrophy cannot, including resource availability [26], geographic location [31], and the severity 

of a given bleaching event [6]. One study found that coral resistance to bleaching is determined 

by its ability to use heterotrophically-derived carbon to meet its energetic needs in conjunction 

with the size of its lipid stores prior to the event [6]. This demonstrates the complexity of energy 

dynamics; first, it illustrates how heterotrophy alone cannot aid in a coral’s chance of 

withstanding a bleaching event. Second, it shows how it is important to fully understand the 

contributions of heterotrophy to coral health, fitness, and survival. Identifying the factors that 

govern energy acquisition and resilience of corals will aid in developing targeted conservation 

efforts of a given species within different geographic areas with variable environmental 

conditions so they can be based on their trophic strategies [32]. This will also allow researchers 

and managers to better gauge coral mortality risk under different environmental conditions [6]. 

In recent decades, scientists have been researching corals existing on the edge of their 

physiological thresholds to search for biological cues as to how other corals might survive in 

changing oceanic conditions [3]. Even though heterotrophy has been found to alleviate the 

effects of temperature stress by providing alternative sources of carbon and the buildup of lipid 

storage in some cases [16,25,33], the ability for heterotrophy to confer resilience warrants further 

investigation [30]. Heterotrophic coral species may edge out their autotrophic conspecifics under 

certain climate and anthropogenically altered conditions [29,34]. With bleaching events 

predicted to increase in frequency and severity, paired with continuing coastal development, it is 

critical to attain a sound understanding of the biological mechanisms underpinning coral 

resistance and survival.  

 In 2009, Houlbréque & Ferrier-Pagés [18] published a review of heterotrophy in 

scleractinian corals. This review examined the various sources of heterotrophically-acquired 

nutrition, such as plankton, particulates, and dissolved organic matter. They were able to 

establish that heterotrophy can not only have a positive effect on tissue synthesis, but also 

promotes photosynthesis of their endosymbionts by increasing photo-symbiont densities and 

chlorophyll a per algal symbiont through a steady supply of nitrogen. Even with all the valuable 

information that this review provided, there were still many unknowns. First and foremost, what 
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coral species do, or can rely on heterotrophy? Also, what is the overall benefit of that trophic 

plasticity to coral growth and/or resilience? This is further compounded when resource 

availability (i.e., food sources) and unfavorable conditions (i.e., thermal stress) are added to the 

mix. Nearly 14% of coral cover was lost between 2009 and 2018 worldwide [5]. With the 

increasing threat of stressors to corals (current and projected) since this 2009 publication, it is 

important to see if the literature has since determined if heterotrophy can promote resilience on a 

global scale. However, traditional review processes can be time consuming and can be prone to 

bias, ultimately delaying the establishment of our current understanding of a given subject [35]. I 

aimed to find existing machine learning tools that could be used to automate the review process, 

ultimately finding answers to these questions faster. 

 This study categorized the last 10 years of coral heterotrophic research into major topics 

using text analytics. Text analytics, more specifically topic modeling, is a tool that enables 

efficient synthesis and characterization of large quantities of literature [35]. This topic model 

process allowed for a more objective exploration of the existing literature and was able to 

automatically categorize all publications into major topics that represented the dominant research 

efforts that occurred over the last decade. A major issue with conducting a literature review is the 

growing body of literature and the ability to accurately analyze and summarize specific research 

themes in a timely manner [35]. With partial automation of the review process through topic 

modeling, human biases are drastically reduced and can highlight potential patterns not easily 

discernible by the human eye [36]. Even though topic modeling tools are still relatively new, 

they have been increasing in popularity to tackle the issue of synthesizing massive datasets, 

identify recurring themes within the given text, and highlight important takeaway messages to 

the question at hand [37]. Topic modeling specifically rests on the premise that there are 

underlying topics or themes to the collection of documents it is given, which achieves the main 

goal of a literature review/meta-analysis; automation of that time consuming step is of great 

interest to researchers [37,38]. Topic modeling tools were found useful to the review process in 

other fields of study, such as hospitality, conservation biology, and biomedical research, by 

quickly synthesizing large datasets into meaningful insights of given research interests 

[36,39,40], but have yet to be applied to ecological reviews of coral reefs. Therefore, it was 

implemented here to test its viability in synthesizing coral heterotrophic research.  
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 Both researchers and natural resource managers would benefit by understanding how 

corals’ trophic strategies can influence their survival under different environmental conditions. 

More focused research goals and better targeted actions plans would be served by this 

information. Therefore, this project had two goals: 1) assess the viability of using text analytic 

tools in categorizing coral heterotrophic research into major topics, highlighting strengths and 

weaknesses in the process, and 2) using the same body of literature to identify if certain coral 

genera have been found to display particular trophic modes, if coral trophic modes are more 

successful than others in surviving stress events, and if trophic modes display regional 

differences around the world. These two goals will allow me to compare the traditional, manual 

review process to the topic modeling process, noting what steps can be effectively turned over to 

machine learning processes and what steps will still need human oversight. This comparison will 

demonstrate the advantages and disadvantages of the topic modeling process and what 

considerations to make when applying it to coral reef research. Information gathered from these 

two main goals will establish where the current understanding of coral heterotrophy is, detail 

how trophic strategies might vary among genera, stress exposure, and location from the last 

decade of publications, and develop an effective text analytic approach for future coral 

researchers to utilize. 
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METHODS 

Text Analytics - Topic Modeling: 

All relevant, peer-reviewed publications from January 2009 to December 2020 on the 

topic of coral heterotrophy were compiled using Google Scholar and a state university’s online 

library repository. Literature searches used a combination of the terms, “coral”, “coral reef”, 

“heterotrophy”, and “heterotroph”, that related corals to heterotrophic energy acquisition. On top 

of these inclusion/exclusion criteria, the search was limited to those publications written in 

English and only those that referred to heterotrophy dynamics associated with coral holobionts. 

Abstracts of each publication were briefly reviewed to ensure that it fell within the above 

parameters. All text within each publication (from the introduction to the end of the 

discussion/conclusion) was then extracted using the Python 3 [41] package PyPDF2, then 

compiled into a single repository.  

Before applying text analysis techniques preprocessing steps were conducted to 

streamline the analysis, by reducing the size of the vocabulary and minimizing noise within the 

corpus (compiled dataset), so that results were more interpretable and the process is more 

efficient [42,43]. Word clouds were generated with the preprocessed corpus to visualize the most 

used term or phrase among all analyzed publications and to remove any additional redundant 

words, i.e., author names, journal names, et cetera, that were not filtered by the preprocessing 

steps [40,44]. The coherence measure C_v was used to predict the optimal number of topics to 

choose to sort the corpus [45]. Latent Dirichlet Allocation (LDA) was then applied to identify, or 

cluster, the topics in the corpus based on the number of topics that was determined by the 

coherence measure, with each topic representing different themes among the corpus. Every topic 

has associated topic words that are representative of the topic and have weights associated with 

them; the higher the weight, the more significant the word represents that topic. The model ran 

several iterations until the loss from the generated model is below threshold and the topics are 

representative enough that each word is in the correct topic based on its significance or 

relatedness to all the others [45]. Each publication used in the analysis was assigned to a topic 

based on the topic word distribution associated with each document. The relevance, or how much 

the article is represented by each topic, was noted as a percent contribution to the topic [46]. 
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Multiple models with the number of topics around the optimal coherence score were 

created and analyzed to determine the model with the most semantically coherent among topic 

words that had higher weights [47]. The model with 14 topics was chosen based on having the 

most semantically coherent topic words with higher weights associated with them. The most 

probable topic was assigned to each document (publication) as the dominant topic, resulting in a 

list of each publication tagged by a topic. Since all publications were read in their entirety prior 

to this analysis, manual observations of the groupings of publications were quality controlled 

(meaning visual checks of the documents with topic associations) to determine if they did have 

associations with each other. The topic modeling process used in this study was adapted from 

Amado et al. [48] (Fig. 1). Upon investigation of the dominant topic assignments, it was found 

that while the topic words were indicative of appropriate heterotrophy topics, the publications 

within each topic were not related to each other.  

Publications that were not related to trophic strategies in coral were identified in this 

initial topic modeling process in conjunction with the manual review and were subsequently 

removed (two total), with a third left in for quality control purposes, i.e., a way to see how well 

the topic model identified underlining topics and sorted publications with that outlier publication 

as a separated topic. A second search using Google Scholar and a state university’s online library 

repository was conducted to identify any additional publications that may have been missed by 

adding another term, “feeding”, to the search string as it was a significant topic word identified 

in the initial topic modeling. Twelve additional publications were found with this second search, 

bringing the total number of publications for topic modeling analysis to 81. A new LDA topic 

model was created with these 81 publications (Topic Model #1) using only the abstract text 

copied into a single file for analysis. The same preprocessing steps were taken, then models 

above and below the optimal C_v coherence score were created (Fig. 2), then analyzed to 

identify the model with the most semantically coherent topic words in each topic that had higher 

weights [47]. The model with eight topics was chosen, as it had the most distinct topic words 

across topics and coherent topic words within each topic with higher weights associated with 

them. 

Within the 81 publications, 66 of them explicitly investigated trophic pathways in corals. 

This was determined through the manual review of all publications. A second LDA topic model 
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was created (Topic Model #2) using only the above-mentioned 66 publications. The same topic 

modeling process was used as the first, this time resulting in seven topics. The aim of Topic 

Model #2 was to see if the number of topics and topic names would change, or stay the same, in 

relation to Topic Model #1 that had all 81 publications relating to coral heterotrophy. For all 

topic models, names (or meanings) of each topic were assigned by looking at the topic words in 

conjunction with reviewing the associated publications [40]. To see if the same or similar topic 

names could be identified without having prior knowledge of the included documents, an expert 

(In an email from C. Wall, Ph.D. in October 2021) outside this study was contacted, only given 

the topic words, and not shown the associated publications, and then asked to assign names to the 

topics. In doing so, I sought to first, ensure my own interpretations were relevant, and second, 

that in the case of future topic modeling endeavors with substantially larger dataset where 

reading all publications would not be plausible, meaningful names could be assigned by only 

viewing the topic words for each topic. Both mine and Dr. Wall’s interpretations of topic names 

reached similar conclusions for both Topic Model #1 and #2. For example, my interpretation of 

Topic 1 of Topic Model #1 was, “Fatty acids as a measure of heterotrophy in corals” and Dr. 

Wall’s was, “Fatty acid markers of coral nutrition” based on the topic words, “fatty, acid, 

species, feed, trophic, host, heterotrophy, high, source, zooxanthellae”. See supplemental 

material: S1 Table for Dr. Wall’s topic name interpretations. 

Meta-analysis: 

Data regarding the analyses of coral genera and trophic modes were collected by 

manually analyzing 66 publications that studied heterotrophy. Author(s) were noted, along with 

the species/genera studied, trophic modes determined by that study, if the coral underwent a 

stress event, and if that coral successfully survived the event as noted by the authors. Stress 

events were categorized as thermal stress, increased turbidity, increased food sources, 

acidification, sedimentation, irradiance (high, low, or both), natural disasters, and/or 

anthropogenic pollution. There were three trophic modes identified from the literature: 

autotrophic, mixotrophic, and heterotrophic. By definition, corals are considered polytrophic or 

mixotrophic, as they utilize both auto- and heterotrophic modes for acquiring energy [18]. For 

this study, “mixotrophic” refers to the instance when a coral was found to switch between 

primarily auto- to primarily heterotrophic modes, whether that be due to a stress event or food 

availability. Since there were some coral species that were only reported in the literature once, 
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genera became the taxonomic category that was focused on instead of species. Some publications 

studied more than one species at a time, leaving a total of 131 separate species observations. 

Locations of each study were also noted and assigned a region: Atlantic, Australia, Caribbean, 

Central Pacific, Indian Ocean, Mediterranean, North Pacific, Red Sea, South Pacific, or marked 

captive reared for studies done on corals grown in a laboratory setting.  

Statistical analyses: 

 Frequency of coral genera studied, trophic mode by coral genera, and coral trophic modes 

more likely to survive a stress event (acute or chronic) were examined using a Chi square Test of 

Independence. Frequency of heterotrophic coral study sites and coral trophic mode by region 

were also analyzed using a Chi square test. All analyses were executed using the statistical 

software RStudio version 4.0.3 [49]. 
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RESULTS 

Text Analytics - Topic modeling 

The inclusion of the full text of each publication in the initial topic model analysis (initial 

model that included 69 publications) resulted in the matching between topics and documents to 

be nonsensical. It appeared that the full body of text (introduction through discussion) was a 

strain on the program, causing over sorting that resulted in non-related publications to be sorted 

into the same topic. Text extraction also skewed the corpus due to hyphens in words resulting in 

incomplete words to be considered in the topic word selection. Some pdf templates were difficult 

for the text extraction reader, with instances of inserted sections, coloring, and fonts not being 

picked up by the reader, leaving the text extraction step unable to be automated and instead done 

by hand. However, this initial topic model highlighted the word, “feeding” and using this word 

along with the original search terms (“coral”, “coral reefs”, “heterotrophy”, and “heterotroph”) 

identified 12 additional publications. 

By using the abstract text alone in the next modeling effort, eight dominant topics were 

identified, with topics and document matching being sensical (Topic Model #1; Fig. 3A). This 

model now had 81 publications encompassing all searches of coral heterotrophic research over 

the last 10 years. Most publications fell within the topic “Heterotrophic strategies improve coral 

health when thermally stressed” (Topic 5), and the least number of publications fell within the 

topic “Turbid coastal environments influence on energy acquisition” (Topic 2) (Fig. 3B). 

Another topic model was created (Topic Model #2) using 66 publications within the initial 81 

that explicitly investigated trophic pathways in corals with seven dominant topics generated (Fig. 

4). This subset of publications was manually curated to investigate how topics would change 

with a more refined corpus. Publications were evenly distributed among topics: “Calcification 

rates influenced by heterotrophy” (Topic 1), “Various food sources effects bleaching survival” 

(Topic 5), “Increasing heterotrophy buffers thermal stress & promotes recovery” (Topic 6), and 

“Benefits of heterotrophy to overall coral health” (Topic 7); however, the least number of among 

of publications sorted into, “Coastal influences on trophic strategies” (Topic 3) (Fig. 4B).  

Both Topic Model #1 and Topic Model #2 indicate that coastal influences were the least 

studied area regarding coral heterotrophy over the last 10 years due to those topics having the 

least number of publications assigned to them (Topics 2 & 3, respectively; Figs. 3B & 4B). 

Interestingly, Topic Model #2 further refined two of the topics from Topic Model #1. Fatty acids 
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(Topic 1) and bleaching (Topic 5) were dominant topic words, thus, separate topics in Topic 

Model #1 (Fig. 3A). When only focusing on publications that investigated trophic strategies in 

corals in Topic Model #2, those topic words were no longer dominant, but seen combined in 

Topic 5 (Fig. 4A). Supplementary materials (S2 & S3 Tables) include the full list of publications 

assigned to each topic for both topic model results [2,6,12,16,19,20,24–34,50–113]. 

Coral genera by trophic modes 

 Over the last 10 years (January 2009 to December 2020), 29 separate coral genera were 

studied regarding trophic modes (Fig. 5). Of the 66 publications included in this study, the 

frequencies of the coral genera studied were similar (p = 0.36, X2 = 174, df = 168). However, 

while not significant, Porites was the most frequently studied among all publications, followed 

by Acropora, Pocillopora, and Stylophora, respectively. It was found that coral genera are more 

likely to have a particular trophic mode (Fig. 6; p < 0.01, X2 = 95.42, df = 56). Acropora, 

Pocillopora, Porites, and Stylophora were more likely to display mixotrophic plasticity than 

other genera. Additionally, Acropora and Porites also displayed autotrophy more often than the 

other genera studied. When comparing all genera that were found to be heterotrophic, 

Pocillopora was the one genus that was more likely to display heterotrophic modes than the 

others.  

Different trophic modes (auto-, mixo-, and heterotrophic) were found to have varying 

success surviving a stress event (Fig. 7). Success was defined by if the coral survived the stress 

event, as determined by the publication. Stress events were categorized as thermal stress, 

increased turbidity, increased food sources, acidification, sedimentation, irradiance (high, low, or 

both), natural disasters, and/or anthropogenic pollution. Of the publications included in this 

study, coral species that displayed hetero- and mixotrophy were more likely to survive a stress 

event than those that were autotrophic (Fig. 7; p  <0.01, X2 = 11.96, df = 2). Autotrophic genera 

were not as successful in surviving stress events compared to the other trophic modes (Fig. 7). 

Mixotrophic genera were over two times more likely to survive a stress event than autotrophic 

genera, and heterotrophic genera were over four times more likely to survive a stress event than 

autotrophic genera (Fig. 7).  
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Regions of study 

 There was no statistically significant difference in where heterotrophic coral studies were 

conducted (p = 0.26, X2 = 77, df = 70). However, it is important to note that more studies over 

the last 10 years took place in the Red Sea and the Central Pacific than any other regions when 

considering frequency of studies alone (Fig. 8). Those two regions have nearly double the 

number of studies than the next most frequently studied area, Australia. The least studied regions 

are the North Pacific (n = 2), North Atlantic (n = 2), and South Atlantic (n = 2). To visualize the 

geographic distributions of these studies, each study site is depicted in an interactive map 

generated using Google My Maps [114] (Fig. 8). Each point on the map is color-coded to show 

what trophic mode was found to be exhibited by the coral species studied in that region, as well 

as other information gathered from those studies.  

 Trophic modes did display regional differences (Fig. 9; p < 0.01, X2 = 50.85, df = 20). 

The Red Sea was found to have more mixotrophic coral genera than all other regions. The next 

two regions found to have more mixotrophic genera included Australia and the Central Pacific. 

The Mediterranean, North Atlantic, South Atlantic, and North Pacific were found to have the 

least occurrence of mixotrophic coral genera. Autotrophic genera occurred more often in the Red 

Sea and South Pacific, while heterotrophic genera were found mostly in the North Pacific. 
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DISCUSSION 

Topic Modeling - Process 

 I found that the LDA topic modeling process was a helpful tool to categorize the last 10 

years of coral heterotrophic research, resulting in distinguishing eight major topics of research 

focus (Topic Model #1, 81 publications; Fig. 3). These results will inform ongoing research and 

drive future directions in the field by revealing what topics have been studied most and what 

topics have been studied least, so research efforts can be better tailored around those findings. 

For future coral researchers, they can have their own body of literature sorted into topics that will 

then become the outline of their review or meta-analysis. They can either choose to focus on the 

most and least studied topics, or discuss each one, noting where the most research has been done 

and the least (possible knowledge gaps). Further, if manual review of all publications was still 

warranted, grouping publications together based on topic similarity could expedite manual 

review, not only because the task of determining the topics was already accomplished [35], but it 

would also be easier to read like publications together and pull meaningful information that 

might otherwise be missed [36].  

Since the topic modeling process has been approached in various ways by biological 

researchers [39,40,115], I aimed to see how topic formation might change – or stay the same – 

with a subset of our coral heterotrophic publications. Also, with a smaller corpus, could I extract 

and develop additional insightful topics [47] using only publications that specifically 

investigated trophic pathways in corals in a second topic model. After creating Topic Model #2, I 

saw that several overlapping topic words were identified in both models, including “fatty”, 

“acid”, and “bleach” (Fig. 4). The appearance of these words in both models illustrates the 

importance of these words in association with heterotrophy and bleaching. Simply, creating a 

new model using a group of publications known to be related to each other (either from topic 

formation or manual review) allowed for new insights on the relationship of lipid stores, 

heterotrophy, and bleaching to be clearly shown. The topic word, “feeding” from the initial topic 

model attempt emerged as a term that played a considerable role in how my results were formed. 

Without this term, many publications would not have been included in my analyses, 

misrepresenting the full body of literature that is the current understanding of heterotrophy in 

corals. While it might be the user’s prerogative to exclude certain publications depending on 

their objective, it is a different situation when that user is unaware of relative publications’ 



 

 22 

existence entirely. There could still be many publications that were missed, even with the 

inclusion of this new search term. Whether it be that related publications were not tagged 

correctly in their database or even that they were not accessible due to pay wall restrictions [35]. 

There are many caveats to consider when using this topic modeling process to enhance 

meta-analyses of specific scientific fields of study. First and foremost, researchers need to have, 

at a minimum, a basic understanding of the field to interpret the topic model results accurately 

[40]. To name the topics, two methods were used by this study: 1) interpret topic words only, and 

2) interpret topic words in conjunction with reviewing the top five publications associated with 

each topic. The first method was an attempt to see if only interpreting topic words would be 

sufficient to accurately name the associated topics. The second method I employed was 

originally developed by Chandelier et al. [40]. While I did find that an expert with no knowledge 

of the publications could come to the same/similar conclusions as someone that did review the 

publications (Supplementary material: S1 Table), this could be accredited to their level of 

knowledge of coral trophic strategies. Chandelier et al. [40] stated that the user’s level of 

knowledge would be a factor to consider when approaching this step.  

Another consideration lies in determining the number of topics to sort the corpus into, 

with the variability dependent on the user and situation. The most objective approach is to allow 

the coherence score to make that decision, like this study did. If the user decided that they did not 

want to automate this step and make the decision themselves, they have the choice to generate 

broader topics with a lower number, or more refined topics with a higher number chosen. Other 

situations when allowing the number of topics to be chosen by the coherence score could include 

a user with a low or intermediate knowledge of the subject or when there are thousands of 

documents in the corpus. Both situations benefit from automation due to any bias introduced 

with a remedial background or having to sort through multiple model iterations with varying 

topic numbers that would be time consuming with a large dataset. While this study has shown 

that topic modeling can be used to automate parts of the review/meta-analysis process, it cannot 

automate all of them.  

Beyond conceptualizing broad topics among a curated corpus [39,40], text analytics can 

be used to search for specific terms used or named entities, and their relationship to the corpus. 

An example can be found in Lee et al. [115], where they searched for specific gene names 

relating to Hepatitis B and its relationship to hepatocellular carcinoma using all research that has 
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ever been published to date. This was not feasible for this study for two reasons. First, in the 

field of coral heterotrophy, there are many terms to express similar ideas, i.e., feeding, 

heterotrophic, carbon depleted/nitrogen enriched (a way to distinguish carbon and nitrogen 

sources obtained from feeding, water column, or photosynthesis). Researchers in this field 

agreeing to consistently used terms would greatly facilitate the process. For example, researchers 

could use “polytrophic” [18] to describe when corals utilize both auto- and heterotrophic sources 

of nutrition and “mixotrophic” when corals switch from primarily one trophic mode to primarily 

another. Further, delineations of auto-, mixo-, and heterotrophy in corals have been suggested by 

Conti-Jerpe et al. [29] using stable-isotope benchmark values, and researchers could refer to 

these and define their study coral as simply auto-, mixo-, or heterotrophic in their findings. 

Another reason I could not search for specific terms was that I only used abstract text, 

which does not always include specific details, such as species’ names or exact locations of 

experiments. If this were the goal of the researcher, then implementing text analytic mining tools 

like in Lee et al. [115], would necessitate using the entire text. If both specific term searches and 

topic formation were desired, then two separate corpuses would be advisable, one for specific 

term searches using text mining tools with all document text, and another for topic formation 

implementing topic modeling processes with only abstract text included.  

Another challenge with topic modeling occurred in my study during the initial text 

extraction. Automated text extraction functions were challenged reading PDF documents that 

had distinct sections (i.e., inlaid boxes) around different areas of a page, hyphenated words, and 

unusual fonts. It was also laborious to create different functions to extract text based on section 

order and required viewing each document to see what order sections were in and what the case 

structure was. For example, “ABSTRACT” is treated differently than “Abstract” with text 

mining functions; two different code functions were needed to account for the case difference. 

The same situation arose when there were distinct headers between sections, such as listing,  

“Abstract”, then “Introduction” and when those headers were not included in the format of the 

PDF file. Even extracting text from webpages rather than PDF documents could be difficult 

since formatting of the webpages can vary among journals and websites, leading the user to 

encounter the same extraction issues as this study did. This process would be more efficient if 

journal publishers used similar templates, i.e., section titles, section order, fonts, wrap text to 

avoid hyphenation, and case structure. This study used a small corpus, so copying abstract text 
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into a single file was relatively quick and preferable to alleviate issues arising from automated 

text extraction processes that were impeded by formatting such as hyphens and differing title 

headers. Further applications with significantly larger corpuses would be tedious and impractical 

with the variations in publishing templates. Standardization of journal templates (either for PDFs 

or webpages) would be necessary for applications of topic modeling as this study implored to be 

scaled up. If the above recommendations are adopted, topic modeling for review papers and 

metadata analyses could be more effective and efficient.  

Topic Modeling – Findings on Coral Heterotrophy 

The most frequently studied topic over the last 10 years was “Heterotrophic strategies 

improve coral health when thermally stressed” (Fig. 3). Many studies have shown that a coral’s 

ability to increase heterotrophy allows them to maintain energy supplies lost from their 

symbionts during thermal stress, greatly improving their chances of survival [6,20,28,32,79]. 

Some studies have even shown that increased nutrient acquisition through heterotrophy can help 

maintain symbiont density when thermally stressed by supplying symbionts with adequate 

supplies of nutrients, like nitrogen and phosphorus, further benefiting the coral holobiont 

[28,32,81]. Given climate change is placing corals under increasing frequency and intensity from 

thermal stress [116], it is not surprising that researchers have focused on investigating ways that 

corals might adapt or survive under these future conditions. 

Heterotrophy alone is not an all-encompassing mechanism that corals can use to survive 

bleaching events; success depends on other factors as well, like lipid stores before thermal stress 

begins and the type of food available in the area [6,12,32]. Further understanding of the complex 

relationship between lipid stores and bleaching survival is an area of interest, as some studies 

have shown that the quality and quantity of lipid stores prior to a bleaching event enhances 

survival [6,83,87,90,92]. These results were highlighted when the topic words, “bleach”, “fatty”, 

and “acid” continuing to appear during multiple topic modeling analyses (Figs. 3 & 4), and then 

in combination (Topic #5; Fig. 4), illustrating their importance to coral survival. By looking at 

the publications within this new, combined topic (Supplemental material: S3 Table), crucial 

findings about the relationship between heterotrophy and lipid stores were now easier to find.  

For instance, not only is the fate of organic molecules acquired via heterotrophy thought to be 

allocated more towards lipid storage than metabolism  [12], but heterotrophy can continue to 

build lipid stores while also maintaining metabolic needs during bleaching events 
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[12,19,80,87,89]. Heterotrophy has also been found to provide a higher quality of lipid stores 

over autotrophy [87]. Corals are able to tap into their lipid stores to maintain metabolism when 

bleached, so having adequate and robust lipid stores is critical to surviving a bleaching event [6]. 

This demonstrates the importance of lipid formation and abundance in conjunction with 

heterotrophy in conferring resilience to bleaching stress. The second topic model allowed for 

these key points to be found easier with the regrouping of publications into Topic 5, where those 

topic words, “bleach”, “fatty”, and “acid”  were seen together (Fig. 4, S3 Table). 

Alternatively, increased heterotrophy was found to be a detriment to a coral if dissolved 

inorganic nitrogen (DIN; NO3
-+NO2

- and NH4
+) to phosphate concentrations in seawater were 

unbalanced [20]. Unbalanced is defined in these studies as a high concentration difference in 

seawater (~ 2.93 μmol/L concentration difference) between DIN and phosphate, which was 

found to increase bleaching risk. When DIN concentrations are increased, they stimulate the 

growth and multiplication of zooxanthellae cells in the coral. Under these conditions, already 

low concentrations of phosphate get used quicker and become depleted faster, resulting in 

unsustainable growth of the Symbiodinium. The consequence is that Symbiodinium substitutes 

sulfur in the cellular membranes for phosphorus, resulting in weaker thylakoid membranes that 

are more susceptible to thermal and light damage [117]. Since there is an exchange of nitrogen 

between the coral host and the algal symbionts, adding to this already increasing levels of 

nitrogen further exacerbate phosphate starvation (no phosphorus exchange since it is so limited), 

thereby lowering the bleaching threshold of corals in warming waters. While originally 

associated with Topic 5, “Heterotrophic strategies improve coral health when thermally stress” 

(Topic Model #1, Fig. 3 & S2 Table), Ezzat et al. [20] demonstrates a situation where that is not 

the case and highlights how heterotrophy can be influenced by water quality. 

Different coral species preferentially feed on various types of plankton; however, 

plankton compositions vary spatially and temporally, and are currently being impacted by 

climate change [118]. Increasing temperatures are affecting phytoplankton by favoring smaller 

sizes and population densities leading to a shift in zooplankton size and populations as well 

[118]. Grazing in corals is restricted by their polyp size, which limits the types of zooplankton 

ingested, ultimately affecting lipid store formation [87]. Therefore, if the preferred food of a 

given coral with the appropriate nutritional quality is not available, the ability of a coral to rely 

on heterotrophy would be lessened. Not only are increasing temperatures increasing bleaching 
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risk, but also decreasing the ability of corals to rely on feeding when needed. Reduction of 

anthropogenic contributions of nitrogen to the ocean is a necessary step in alleviating stressors 

impacting corals [87]. There is also debate as to whether heterotrophy would still be beneficial in 

the face of repeat bleaching events, as different coral species’ recovery times are variable, and if 

alternative sources of energy are viable long-term [6,12,34]; this topic remains one of the biggest 

unknowns in the field. All three of the publications listed above were sorted into Topic 5, 

“Heterotrophic strategies improve coral health when thermally stress” (Topic Model #1, Fig. 3 & 

S2 Table). By having these publications grouped together through topic modeling allowed for the 

manual review process to identify this recurring theme of questionable coral survival with repeat 

bleaching stress and highlight that much remains unknown. 

 “Turbid coastal environments’ influence on energy acquisition” was the least studied 

topic over the last 10 years (Topic 2; Fig. 3). This finding suggests that coral heterotrophy 

research has focused more on increased seawater temperature, and less on how coral trophic 

strategies respond to environmental stressors, like turbidity and nutrients. This is surprising, 

given the extensive research on impacts of these stressors on coral reef conditions 

[61,116,119,120]. Sedimentation, turbidity, eutrophication, terrestrial input, and geographic 

location were topics identified in my modeling effort (Topics 3 and 7); however, the fewest 

number of publications were found in this grouping (Fig. 3). Another study identified from a 

different topic in the modeling effort (Topic 2; Fig. 3) examined how plasticity between optimal 

autotrophy and optimal heterotrophy allows corals to thrive in turbid conditions [19]. 

Specifically, this study found coral feeding was highest during high light/low nutrient 

availability, which is counterintuitive to the expectation that coral heterotrophy would be greatest 

when light levels are low. This publication highlights the importance of understanding how 

different coral species operate under various environmental conditions. With continued urban 

sprawl and expanding agriculture along tropical coastlines, it is imperative to understand how a 

coral’s trophic strategy responds to these types of stressors [121].  

 Water quality is another factor that can affect a coral’s trophic pathway (Topics 3 and 7). 

For example, availability of DIN and the relative abundance of different forms of nitrogen may 

affect corals’ and/or their endosymbionts’ ability to fix nitrogen [62]. Similarly, changes in the 

quality and quantity of fatty acid reserves in corals may vary seasonally and be affected by poor 

water quality conditions [63]. Dissolved inorganic carbon (DIC) availability is a major 
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contributor to skeletal growth of corals and their metabolism [106]. Terrestrial sources contribute 

substantially to DIC availability in seawater but increases from anthropogenic sources combined 

with climate change have altered carbon cycles [102,105,106], potentially negatively impacting 

calcification potential and carbon sequestration. The publications within Topics 2, 3, and 7 from 

Topic Model #1 described important information regarding environmental conditions that impact 

coral trophic strategies, as summarized above. Yet, these topics had the least number of 

publications associated with them compared with the others, showing that these topics need to be 

the focus of more research moving forward. 

Coral genera by trophic modes 

 There were 29 coral genera studied in the last 10 years of coral heterotrophic research, 

but only four genera were consistently examined in the majority of those studies (Fig. 5). Porites 

was studied the most (n = 18), followed closely by Acropora (n = 17) Stylophora (n = 17) and 

Pocillopora (n = 17). These genera were also found to exhibit mixotrophic plasticity (switch 

from primarily autotrophic to primarily heterotrophic; Fig. 6) more often, but this could be 

skewed by the sheer frequency of studies. This could also explain why Acropora and Porites 

were found to exhibit autotrophy more often, even when considering all the genera studied to 

date. Porites, Acropora, Stylophora, and Pocillopora are common genera found around the 

world [122], and probably why they are preferentially chosen for studies. Are those four genera 

truly more likely to exhibit mixotrophy over other genera, or are they studied more often than 

others, leading to this conclusion? Other genera with wide-reaching distributions such as 

Galaxea, Montipora, and Turbinaria [122], also display mixotrophy, but are not studied as often 

(Figs. 5 & 6). This is particularly surprising regarding Galaxea, as Galaxea fascicularis (the 

species all publications included used within the Galaxea genus) is considered a stress-tolerant 

species [123]. With the benefits of heterotrophic plasticity still thought to be species-specific 

[79], these findings highlight a major gap in our knowledge; there are still so many genera that 

could utilize heterotrophic plasticity that could aid them in acclimating to new oceanic 

conditions that are unknown simply because there has not been enough research to document it.  

  Mixotrophic plasticity was found to aid corals in surviving stress events like thermal, 

acidification, sedimentation, and eutrophication more than autotrophy or heterotrophy alone (Fig. 

7). However, corals that exhibited autotrophy were also able to overcome stress events, as 

illustrated in half of the studies examined here. One study by Comeau et al. [75] found that 
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Porites rus relied on existing energy reserves in response to decreasing pH, but they cautioned 

this was only viable for short-term exposure (their study was a three-week exposure). Similarly, 

Orbicella faveolata was also found to catabolize energy stores rather than rely on feeding during 

bleaching events, but a shift in symbiont type (from A and B to type D) was additionally credited 

for its survival [86]. This same study reported that heterotrophy was important for the long-term 

bleaching recovery of one of the other corals studied, Porites astreoides, highlighting the 

importance of understanding individual species response to stress and what they need to survive. 

With many studies focusing on a narrow range of species/genera, restorations efforts could 

inadvertently create monocultures and diminish diversity in the reef ecosystem, including its 

recovery and resilience to stressors. With still so little known about corals surviving prolonged or 

repeated stress, research should expand and diversify to study more species undergoing these 

stresses so that managers can make more informed decisions [29], especially as active restoration 

is becoming a more sought-after approach for reef resilience [124].  

Regions of study 

 Results revealed that most coral trophic studies took place in the Red Sea, followed 

closely by the Central Pacific (Fig. 8A). The North Pacific, North Atlantic, and South Atlantic 

represent the least studied regions with two publications a piece. This illustrates a gap in 

understanding of how corals operate in many areas around the world. The results from this meta-

analysis also indicate corals display regional differences in trophic modes (Fig. 9). More 

publications found corals to display mixotrophy in the Red Sea, autotrophy in the Red Sea and 

South Pacific, and heterotrophy in the North Pacific. Similar to coral genera exhibiting patterns 

in trophic modes, the frequency of studies could be skewed towards the Red Sea because it was 

studied more often and would explain why the Red Sea also saw more autotrophic corals than 

other regions. With the Red Sea having more studies than the other regions, it would make sense 

that studies would find corals exhibiting varying trophic strategies. Another explanation is that 

corals behave differently depending on their environment. For example, corals in the genus 

Pocillopora (specifically the species Pocillopora verrucosa) were found to be autotrophic in the 

Red Sea [113], mixotrophic in the South Pacific [109], and heterotrophic in the Indian Ocean 

[55].  Are these discrete observations or do different coral species alter their trophic strategies 

based on their environment? Model predictions show that future coral habitats will shift into 

different regions around the world and some existing coral “hotspots'' are thought to be able to 
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maintain their ecosystems based on parameters such as temperature, available nutrients, 

aragonite concentrations, currents, and light gradients [2]. Exploring various coral species 

trophic strategies based on location, as well as geographic resource availability, will be important 

information to preserve the future of coral reefs. These predictions, however, do not account for 

anthropogenic influences [2]. Reduction of anthropogenic stressors (runoff, contamination, 

overfishing, marine debris) will need to occur to promote as close to ideal conditions for corals 

as possible [73]. 

 Using Google My Maps [114], all publications were mapped based on the origin of their 

study coral (excluding captive reared) and are color coded by the determined trophic mode of 

said coral (Fig. 8A). This map is interactive; selection of each point pulls up information about 

the species/genera studied, location, trophic mode, what type of stress is encountered (if any), if 

it persisted through said stress, the author, and DOI of publication. By having an interactive map 

of this nature, researchers can use the snapshot of information to guide their future studies 

surrounding heterotrophy in corals. Prior to publication, access to this map has already been 

requested to identify target species for current studies regarding heterotrophy’s implications for 

coral success. Managers will also be able to use this map to help understand how corals in their 

area operate and guide their own action plans. However, there are only 121 observations of coral 

species/genera in 58 locations. The use and importance of a resource like this for researchers and 

managers will increase as more studies in more locations occur. Not only can trophic strategies 

be seen to vary within geographic regions (like in the Red Sea), but also within coral genera (like 

with the Pocillopora verrucosa example). It is therefore important to document the trophic 

strategies of more corals in varying locations and environmental conditions to get a clearer 

understanding of how different pairings of location and environmental conditions might alter 

coral trophic strategies. By understanding not only how heterotrophy functions in various coral 

species, but the environments where heterotrophy provides the most benefit, including how 

hetero- versus autotrophy responds to different stressors in these situations, researchers and 

managers can better promote the survival and success of coral reefs into the future by tailoring 

research goals and management plans to that information [32].  

Moving the field forward 

To allow researchers to better understand the existing body of literature, topic modeling 

can be used to help sort through the publications faster and with less bias by allowing for 
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automation of parts of the review process. Future implementations of topic modeling might also 

be able to assist in facilitating and expediting the publication of literature reviews and meta-

analyses with such automation. Reviews and meta-analyses are important tools for researchers 

[125], but they are time consuming and can be tedious, sometimes being published after new 

breakthroughs are made [35]. Here, I show how topic modeling allows for the burden of deciding 

how many and what the major topics of the literature are to be automated. This step alone can 

take many months [35], but with topic modeling, I was able to do it in a matter of days. With 

environmental conditions changing rapidly and threatening coral survival, it is important that 

scientists have the most current information at their disposal, and I found that topic modeling can 

assist in this goal. 

 The other findings of this study have shown that more investigation into the trophic 

strategies of different corals around the world is needed to have a better understanding of what 

can be done to mitigate coral mortality from increasing stressors, both from climate change and 

other anthropogenic factors. From the publications over the last 10 years of coral heterotrophic 

research, I saw 1) coral genera do display trophic differences, 2) trophic plasticity (switching 

from auto- to heterotrophy) provides a better chance at survival for corals when they are stressed, 

and 3) coral trophic modes display regional differences. Moving forward, research should focus 

on determining and documenting coral trophic strategies and stress response of more species 

around the world, so interactive maps like the one created for this study can benefit a broader 

range of researchers and managers. The more that is known about specific corals in specific 

locations, the better conservation and protection plans can be tailored to a given location’s needs. 

Refining the tools to measure coral trophic strategies will also be an important task. 

Currently, heterotrophy is measured using stable isotopes [25,29,50,83]. The most popular stable 

isotopes used are carbon (∂13C), and nitrogen (∂15N), typically measured together [26,97,101], 

but not always [33,61,62]. Interestingly, some studies state that ∂15N is better at determining 

heterotrophy in corals [16,29,83,92], while Fox et al. [25] thought that ∂13C was the superior 

choice. One explanation is that environmental conditions of different study sites may lead to one 

isotope being better than the other [29]. If this were to be the case, then standardization of 

including both isotopes in trophic determination to account for this possible variation could be 

warranted. Furthermore, applying isotopic analyses using fatty acids as biomarkers has shown to 

be effective, as lipid stores can be accumulated via both auto- and heterotrophic mechanisms 
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[56,60]. Researchers would be able to trace the fate of carbon and nitrogen under different 

trophic modes, geographic locations, and environmental conditions. However, the translocation 

of lipids between the coral animal and their symbionts poses a potential issue with this method; 

therefore, investigating individual types of fatty acids can help elucidate the distinction between 

the two sources [56]. Further research is needed to establish if this applies among all coral 

species [56]. This is yet another example of where not only more research is needed involving 

varying coral species in different environmental situations, but also a call for standardization of 

methods.  
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CONCLUSION 

Topic modeling was an effective way to categorize the last 10 years of coral 

heterotrophic research into eight major topics, then further refined into seven major topics by 

adding domain expert’s knowledge, when only focusing on those publications that investigated 

the trophic pathways of specific corals. The first topic model highlighted how most research has 

focused on heterotrophy’s influence on coral survival when thermally stressed, and how the least 

amount of research has focused on how varying environmental conditions influence trophic 

strategies in coral; my topic modeling effort shows that more research needs to be conducted in 

that area. Key associations, like how lipid formation influences heterotrophic response when a 

coral is bleached, were shown in my second modeling effort. Here, I show how new insights can 

be found by refining modeling efforts; this step can greatly help researchers explore existing 

literature with more ease. While topic modeling cannot automate all steps in the review or meta-

analysis process, it can automate substantial portions, leading to quicker publication times and 

potentially more in-depth analysis. Not only has this study shown that topic modeling can be 

applied to research on coral trophic strategies, but it has provided important information 

regarding coral heterotrophy, specifically highlighting three areas of important future 

investigation: 1) implications of repeat and prolonged bleaching on the benefit of heterotrophic 

plasticity, 2) success of heterotrophy to coastal environments impacted by land-based pollution, 

and 3) more information of the relationship dynamics between lipid stores and heterotrophic 

success under thermal stress.  

Meta-analyses results found that there are some coral genera that display certain trophic 

strategies over others, and that those strategies show regional differences. Mixotrophy was found 

to be a more resilient trophic strategy to a coral undergoing stress. Ultimately, this study 

reaffirmed the assertion that trophic strategies and plasticity are species-specific [18,34]. 

However, it also points out the importance of further understanding the varying mechanisms 

behind energy acquisition in corals. Particularly, more coral species/genera need to be studied in 

different environmental conditions worldwide to establish and document specific trophic 

strategies and their resilience to varying sources of stress. With this information, researchers and 

managers will be better equipped to aid corals in surviving future climate conditions. While 

nearly 14% of the world’s corals were lost between 2009 and 2018, almost 2% of coral cover lost 

was regained in 2019 [5]. There is hope that corals can survive – if we let them and we act 



 

 33 

quickly. Mitigation of local-scale threats (reducing land-based sources of pollution, overfishing, 

etc.) is desperately needed along with in-depth and up-to-date status reports of worldwide reefs 

[5]. If researchers can work quickly and closely with local entities and community members to 

reduce threats and thoroughly monitor reefs, we can help corals continue to build upon that 2% 

recovery.   
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FIGURES 

 

Figure 1. Flow chart outlining the Text Analytic process. It starts by searching all online collections for 

relevant, peer-reviewed publications on the subject of interest. All publications are collected in PDF form, 

that are then put through preprocessing steps to “clean” these data for the first step before vectorization. 

Vectorization is where word frequency graphs or word clouds are created. The next step is the topic 

modeling process, leading to the 3D-structure, where the articles are clustered by topic. Topic words are 

determined for each topic and weights are associated with each word. The larger the weight, the more 

significant or relevant that word is within the topic. Once all articles are grouped by topic, the most 

important topics relevant to coral heterotrophy were identified, as well as the knowledge gaps that remain 

in this field. Figure was adapted from Amado et al. [48] for this study. 
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Figure 2. Coherence measures, or coherence scores, were used to calculate how similar each topic was to 

each other and how likely they were to be truly unique topics. The closer the score is to 1, the better the 

prediction. The optimal number of topics can still be variable depending on the output of the topic word 

clusters, so additional models were created with topic numbers above and below what the coherence score 

predicted. 
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*Environmental parameters include, water quality, terrestrial input, geographic location, etc. 
 
Figure 3. Topic Model #1: A) Dominant topics from the Latent Dirichlet Allocation (LDA) topic 

modeling analysis that includes all 81 publications found relating to coral heterotrophy. Those 

publications were found using online repositories flagged with keyword searches including “coral”, 

“heterotrophy”, “heterotroph”, and “feeding” from January 2009 to December of 2020, written in English. 

The topics are formed and named (first column) by the grouping of topic words (second column) by the 

topic modeling process. Topic words unique to each topic are in bold. B) Frequency distribution of 

publications from Topic Model #1 among their designated dominant topics. See supplementary material 

Table S2 for corresponding list of publications by topic and their percent contribution to each topic. 



 

 37 

 
* Coastal influences can include depth gradients, freshwater inputs, or geographic locations. 
+ Benefits can include maintaining symbiont density, calcification, and carbon sources due to heterotrophic efforts.  
 
Figure 4. Topic Model #2: A) Dominant topics from the Latent Dirichlet Allocation (LDA) topic 

modeling analysis that includes 66 publications relating specifically to coral trophic pathways. Those 

publications were found using online repositories flagged with keyword searches including, “coral”, 

“heterotrophy”, “heterotroph”, and “feeding” from January 2009 to December of 2020, written in English. 

The topics are formed and named (first column) by the grouping of topic words (second column) by the 

topic modeling process. Topic words unique to each topic are in bold. B) Frequency distribution of 

publications from Topic Model #2 among their designated dominant topics. See supplementary material 

Table S3 for corresponding list of publications by topic and their percent contribution to each topic. 
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Figure 5. Frequency distribution depicting the different coral genera studied over the last 10 years’ worth 

of publications (January 2009 to July 2020) regarding coral heterotrophy.  
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Figure 6. Mosaic plot depicting coral genera studied over the last 10 years (January 2009 to July 2020) by 

trophic mode (auto-, hetero-, and mixotrophic). The y-axis has each coral genera represented; those 

blocks are read horizontally. The x-axis has the three coral trophic modes noted as “Auto.” For 

autotrophic, “Het.” for heterotrophic, and “Mix.” for mixotrophic; those blocks are read vertically. 

Pearson residual values, and test statistics are reported at the bottom of the graph. Pearson residual values 

are represented by a color gradient, with dark red implying a negative (or less likely) association and dark 

blue a positive (or more likely) association. Frequency of each coral genera associated with each of the 

trophic modes are noted by the size of the rectangle (i.e., larger rectangles indicate that coral genera and 

type of trophic mode occurred more often). See supplementary material Table S4 for Pearson residual 

values. 
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Figure 7. Mosaic plot depicting success of coral genera surviving stress events, with stress events 

categorized as thermal stress, increased turbidity, increased food sources, acidification, sedimentation, 

irradiance (high, low, or both), natural disasters, and/or anthropogenic pollution. The y-axis has success 

noted as “Yes” or “No”; those blocks are read horizontally. The x-axis has the three coral trophic modes 

noted as "Auto." for autotrophic, "Het." for heterotrophic, and "Mix." for mixotrophic; those blocks are 

read vertically. Pearson residual values, and test statistics are reported at the bottom of the graph. Pearson 

residual values are represented by a color gradient, with dark red on one end of the scale implying a 

strong negative (or less likely) association and dark blue on the other end a strong positive (or more 

likely) association. Frequencies of each coral trophic mode by stress success are noted by the size of the 

rectangle (i.e., larger rectangles indicate that trophic modes’ stress success occurred more often). See 

supplementary material Table S5 for Pearson residual values.  
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Figure 8. A) Map of study sites examining coral trophic modes over the last 10 years (January 2009 to 

July 2020). Each point is a site and color coordinated to the coral’s trophic mode. This is an interactive 

map where each point pulls up more information about that study including: author, DOI of publication, 

species/genera of coral, trophic mode, if it underwent a stress event including type of stress, and if it 

persisted through the stress event. B) Frequency distribution depicting geographical regions where coral 

genera were studied to determine their trophic modes. This interactive map can be found at: 

https://www.google.com/maps/d/u/0/edit?mid=1ClEm-Yg7_0GE8h1wTNXd0uWfXQdj12bl&ll=-

1.9747651056227653%2C0&z=2  



 

 43 

 



 

 44 

Figure 9. Mosaic plot depicting geographical regions from the last 10 years (January 2009 to July 2020) 

by trophic modes (auto-, hetero-, and mixotrophic) of corals studied in those locations. The y-axis has 

each geographical region represented; those blocks are read horizontally. The x-axis has the three coral 

trophic modes noted as “Auto.” For autotrophic, “Het.” for heterotrophic, and “Mix.” for mixotrophic; 

those blocks are read vertically. Pearson residual values, and test statistics are reported at the bottom of 

the graph. Pearson residual values are represented by a color gradient, with dark red implying a negative 

(or less likely) association and dark blue a positive (or more likely) association. Frequencies of each 

geographical region associated with each of the trophic modes are noted by the size of the rectangle (i.e., 

larger rectangles indicate that the type of coral trophic mode occurred more often in those regions). See 

supplementary material Table S6 for Pearson residual values.  
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SUPPLEMENTARY MATERIAL 

Table S1. Outside expert interpretations of Topic Model #1 and #2 topic names. Dr. Christopher Wall of 

the University of California San Diego and California State University Dominguez Hills was contacted 

and asked to assign a name for each topic based on topic words for each topic alone. The instructions 

given read, “Using your knowledge of trophic strategies in corals, review each of the 10 topic words for 

each topic and assign an overall name for each one. For example: if the topic words for Topic 1 were, 

“truck, car, bike, SUV”, then it would be logical to assign Topic 1: Means of transportation. If Topic 2 

were, “boat, jet, ski, sail”, then it would be logical to assign it as Topic 2: Aquatic means of 

transportation and then Topic 1 would be reassessed as Topic 1: Land-based means of transportation. It 

is okay, and encouraged, to review all topics’ topic words before starting. Unique topic words (not seen in 

any other topic) are in bold.”  
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Table S2. Dominant topics assigned to the 81 publications used in the Latent Dirichlet Allocation (LDA) 

topic modeling analysis (Topic Model #1). Keyword searches used to flag publications from online 

repositories included the words: “coral”, “heterotrophy”, “heterotrophy”, and “feed”. Only those 

publications dated from January 2009 to December of 2020 and written in English were examined. The 

topics were formed by the grouping of topic words (third column) by the topic modeling process. The 

percent contribution per topic (fourth column) shows how much the publication is represented by the 

topic. Topic words unique to each topic are in bold. This table is to be used in conjunction with Figure 3 

to show what publications belong to each topic. 
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Publication Dominant 

Topic 

Topic words Percent 

contribution 

per topic 

Ferrier- Pagès et al. 2011 

Fox et al. 2018 

Goyen et al. 2019 

Leal et al 2014 

Lim et al 2017 

Marangoni et al. 2019 

Radice et al. 2019A 

Radice et al. 2019B 

Sawall et al 2011 

Seemann et al. 2012 

Smith 2016 

Teece et al. 2011 

Williams et al. 2018 

1 fatty, acid, species, feed, trophic, host, 

heterotrophy, high, source, zooxanthellae  

99 

99 

67 

64 

99 

57 

100 

99 

99 

62 

99 

99 

99 

Hoogenboom et al. 2010 

Lachs et al. 2019 

2 feed, carbon, light, sewage, high, colony, 

acquisition, photosynthesis, scleractinian, capacity  

99 

99 

Bednarz et al. 2017 

Freeman et al. 2013 

Rocker et al. 2019 

Seemann 2013 

3  water, host, condition, model, habitat, feed, 

environmental, experiment, heterotrophic, change  

99 

99 

82 

100 

Conlan et al. 2018 

Edmunds 2011 

Huang et al. 2020 

Johnson et al. 2020 

Lai et al. 2013 

Pogoreutz et al. 2017 

Reynaud et al. 2009 

Toh et al. 2013 

Treigner et al. 2009 

Wang et al. 2015 

Wijgerde et al. 2011 

4  feed, nitrogen, light, high, zooxanthellae, Artemia, 

effect, organic, nutrient, zooplankton  

53 

99 

99 

65 

99 

99 

99 

98 

53 

99 

83 
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Table S2. (Continued) Dominant topics assigned to the 81 publications used in the Latent Dirichlet 

Allocation (LDA) topic modeling analysis (Topic Model #1).   
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Publication Dominant 

Topic 

Topic words Percent 

contribution 

per topic 

Aichelman et al. 2016 

Anthony et al. 2009 

Axworthy et al. 2019 

Baumann et al. 2014 

Burmester et al. 2018 

Comeau et al. 2013 

Conlan et al. 2017 

Connolly et al. 2012 

Drenkard et al. 2013 

Ezzat et al. 2016 

Ezzat et al. 2019 

Fabricius et al. 2013 

Ferrier- Pagès et al. 2010 

Ferrier- Pagès et al. 2018 

Grottoli et al. 2014 

Grottoli et al. 2017 

Hoogenboom et al. 2015 

Hughes & Grottoli 2013 

Hughes et al. 2010 

Levas et al. 2016 

Schoepf et al. 2015 

Tagliafico et al. 2017 

Tagliafico et al. 2018 

Tolosa et al. 2011 

Towle et al. 2015 

Tremblay et al. 2011 

Tremblay et al. 2016 

Wall et al. 2019 

Wijgerde et al. 2012 

5 

 

bleach, feed, stress, increase, thermal, species, 

heterotrophic, calcification, energy, 

temperature 

 

99 

65 

99 

84 

99 

78 

50 

99 

88 

99 

76 

99 

68 

99 

74 

100 

63 

99 

99 

99 

99 

99 

99 

99 

99 

99 

74 

66 

99 

Bessell-Browne et al. 2014 

Gustafsson et al. 2013 

Hoeksema & Waheed 2012 

Houlbrèque et al. 2015 

Krueger et al. 2018 

Mies et al. 2018 

Rosset et al. 2015 

Tremblay et al. 2014 

Tremblay et al. 2015 

6  nutrient, feed, heterotrophic, high, host, 

symbiont, carbon, autotrophic, colony, 

dinoflagellate  

53 

54 

99 

59 

99 

63 

99 

64 

99 

Clark et al. 2012 

D'Angelo & Wiedenmann 2012 

Lantz et al. 2019 

Longhini et al. 2015 

Moyer & Grottoli 2011 

7  CaCO3, carbon, seawater, dissolution, value, 

warm, sediment, region, calcification, 

increase  

100 

99 

99 

99 

99 

Browne et al. 2012 

Conti-Jerpe et al. 2020 

Forsman et al. 2012 

Nahon et al. 2013 

Padilla-Gamiño et al. 2013 

Roder et al. 2010 

Woolridge et al. 2014 

Ziegler et al. 2014 

8  high, light, result, photosymbiont, growth, 

water, host, increase, species, heterotrophic  

100 

75 

99 

99 

99 

99 

55 

99 
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Table S3. Dominant topics assigned to the 66 publications, from the initial 81, that specifically 

investigated trophic pathways in corals used in the Latent Dirichlet Allocation (LDA) topic modeling 

analysis (Topic Model #2). Keyword searches used to flag publications from online repositories included 

the words: “coral”, “heterotrophy”, “heterotrophy”, and “feed”. Only those publications dated from 

January 2009 to December of 2020 and written in English were examined. The topics were formed by the 

grouping of topic words (third column) by the topic modeling process. The percent contribution per topic 

(fourth column) shows how much the publication is represented by the topic. Topic words unique to each 

topic are in bold. This table is to be used in conjunction with Figure 4 to show what publications belong 

to each topic. 
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Publication Dominant 

Topic 

Topic words Percent 

contribution 

per topic 

Aichelman et al. 2016 

Comeau et al. 2013 

Connolly et al. 2012 

Drenkard et al. 2013 

Ferrier-Pagès et al. 2011 

Leal et al 2014 

Nahon et al. 2013 

Reynaud et al. 2009 

Roder et al. 2010 

Seemann 2013 

Towle et al. 2015 

Treigner et al. 2009 

Tremblay et al. 2014 

Tremblay et al. 2016 

1 feed, host, high, calcification, heterotrophy, light, 

carbon, food, condition, level 

99 

99 

55 

99 

99 

99 

99 

99 

99 

100 

51 

51 

99 

99 

Conti-Jerpe et al. 2020 

Krueger et al. 2018 

Padilla-Gamiño et al. 2013 

Pogoreutz et al. 2017 

Radice et al. 2019B 

Seemann et al. 2012 

2 lipid, host, heterotrophic, fatty, trophic, acid, high, 

symbiont, autotrophic, feed 

61 

99 

99 

99 

99 

79 

Moyer & Grottoli 2011 

Williams et al. 2018 

3  depth, ocean, carbon, coastal, record, tropical, 

trophic, water, resource, increase 

99 

99 

Edmunds 2011 

Ezzat et al. 2019 

Wang et al. 2015 

Wijgerde et al. 2012 

4  calcification, nitrogen, effect, feed, nutrient, high, 

zooxanthellae, oxygen, increase, biomass 

99 

52 

99 

71 
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Table S3. (Continued) Dominant topics assigned to the 66 publications, from the initial 81, that 

specifically investigated trophic pathways in corals used in the Latent Dirichlet Allocation (LDA) topic 

modeling analysis (Topic Model #2).   
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Publication Dominant 

Topic 

Topic words Percent 

contribution 

per topic 

Baumann et al. 2014 

Bessell-Browne et al. 2014 

Ferrier-Pagès et al. 2010 

Goyen et al. 2019 

Hoogenboom et al. 2010 

Huang et al. 2020 

Lim et al. 2017 

Marangoni et al. 2019 

Rosset et al. 2015 

Tagliafico et al. 2017 

Tagliafico et al. 2018 

Teece et al. 2011 

Tolosa et al. 2011 

5  feed, bleach, species, high, lipid, heterotrophic, 

 acid, fatty, level, colony 

  

99 

65 

99 

99 

99 

72 

99 

99 

99 

91 

99 

99 

53 

Anthony et al. 2009 

Axworthy et al. 2019 

Bednarz et al. 2017 

Ferrier-Pagès et al. 2018 

Grottoli et al. 2014 

Grottoli et al. 2017 

Hughes & Grottoli 2013 

Hughes et al. 2010 

Levas et al. 2016 

Sawall et al 2011 

Schoepf et al. 2015 

Wall et al. 2019 

Ziegler et al. 2014 

6  bleach, increase, stress, heterotrophic,  

thermal, energy, species, event,  

recovery, result 

99 

99 

99 

99 

99 

50 

99 

99 

99 

99 

99 

60 

99 

Burmester et al. 2018 

Conlan et al. 2017 

Conlan et al. 2018 

Ezzat et al. 2016 

Forsman et al. 2012 

Fox et al. 2018 

Hoogenboom et al. 2015 

Houlbrèque et al. 2015 

Mies et al. 2018 

Radice et al. 2019A 

Smith 2016 

Toh et al. 2013 

Tremblay et al. 2015 

Wijgerde et al. 2011 

7  feed, species, nutrient, ocean, heterotrophic,  

heterotrophy, symbiont, result, carbon, growth 

97 

99 

99 

44 

99 

99 

99 

62 

64 

100 

99 

98 

99 

99 
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Table S4. Pearson residual values from the Chi square Test of Independence analysis of coral genera by 

trophic mode (corresponds with Figure 6) found in the last 10 years of coral heterotrophic research 

(January 2009 to December 2020). The x-axis is coral trophic mode (autotrophic, heterotrophic, and 

mixotrophic), and the y-axis is all coral genera included. Test statistics (X2, df, and p-value) are reported 

at the end of the table.  
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Coral Genera 

Coral Trophic Mode 

Autotrophic Heterotrophic Mixotrophic 

Acropora 

Agaricia 

Alevopora 

Astrangia 

Cladocora 

Coscinaraea 

Ctenactis 

Duncanopsammia 

Euphyllia 

Favia 

Favites 

Galaxea 

Goniopora 

Hydnophora 

Montastraea 

Montipora 

Mussismilia 

Napopora 

Oculina 

Orbicella 

Pachyseris 

Pavona 

Platygyra 

Plesiastrea 

Pleuractis 

Pocillopora 

Porites 

Stylophora 

Turbinaria 

0.263 

1.444 

1.444 

-0.723 

-0.886 

0.659 

-0.511 

-0.723 

1.444 

-0.723 

-0.511 

-1.446 

1.444 

-0.511 

0.659 

-0.882 

-0.723 

1.444 

0.243 

2.501 

2.042 

-0.723 

-0.511 

-0.511 

-0.511 

-0.212 

0.596 

-0.686 

-0.064 

-0.957 

-0.232 

-0.232 

2.719 

2.086 

-0.328 

-0.232 

-0.328 

-0.232 

-0.328 

4.077 

-0.656 

-0.232 

-0.232 

-0.328 

-0.696 

-0.328 

-0.232 

-0.402 

-0.402 

-0.328 

-0.328 

4.077 

-0.232 

-0.232 

1.134 

-0.984 

-0.957 

0.867 

0.106 

-0.827 

-0.827 

-0.316 

-0.038 

-0.316 

0.381 

0.539 

-0.827 

0.539 

-0.827 

1.078 

-0.827 

0.381 

-0.316 

0.741 

0.539 

-0.827 

-0.038 

-1.433 

-1.170 

0.539 

-0.827 

0.381 

0.381 

-0.187 

-0.092 

0.692 

-0.204 

 X2 = 95.42 df = 56 p-value = 0.0008 
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Table S5. Pearson residual values from the Chi square Test of Independence analysis of coral trophic 

modes by their success of surviving a stress event found in the last 10 years of coral heterotrophic 

research from January 2009 to December 2020 (corresponds with Figure 7). The x-axis is coral trophic 

mode (autotrophic, heterotrophic, and mixotrophic), and the y-axis is stress success (Yes or No). Stress 

events were categorized as thermal stress, increased turbidity, increased food sources, acidification, 

sedimentation, irradiance (high, low, or both), natural disasters, and/or anthropogenic pollution Test 

statistics (X2, df, and p-value) are reported at the end of the table.  

 

Stress Success 

Coral Trophic Mode 

Autotrophic Heterotrophic Mixotrophic 

No 

Yes 

2.472 

-1.447 

-1.129 

0.661 

-1.232 

0.721 

 X2 = 11.955 df = 2 p-value = 0.003 
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Table S6.  Pearson residual values from the Chi square Test of Independence analysis of coral trophic 

modes by the geographical regions they were found in from the last 10 years of coral heterotrophic 

research from January 2009 to December 2020 (corresponds with Figure 9). The x-axis is coral trophic 

mode (autotrophic, heterotrophic, and mixotrophic), and the y-axis is geographic region. Test statistics 

(X2, df, and p-value) are reported at the end of the table.  

 

Region 

Coral Trophic Mode 

Autotrophic Heterotrophic Mixotrophic 

Australia 

Captive Reared 

Caribbean 

Central Pacific 

Indian Ocean 

Mediterranean 

North Atlantic 

North Pacific 

Red Sea 

South Atlantic 

South Pacific 

-1.709 

-0.381 

0.887 

-0.538 

0.125 

-0.045 

-0.886 

0.628 

0.250 

-0.723 

1.745 

-0.984 

-0.734 

-0.928 

-1.038 

2.644 

1.691 

2.086 

3.915 

-1.228 

-0.328 

-0.868 

1.332 

0.441 

-0.288 

0.624 

-0.819 

-0.446 

-0.038 

-1.486 

0.190 

0.539 

-0.835 

 X2 = 50.849 df = 20 p-value = 0.0002 
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