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Abstract: 

Increasing global ocean temperatures and frequency of marine heatwaves pose dire 

consequences for coral reefs. High temperatures often lead to disruptions in coral symbiosis 

resulting in coral bleaching, increasing the mortality of corals. However, corals can potentially 

avoid bleaching peril by associating with thermally tolerant symbionts. Here we provide a tool 

for understanding symbiosis network stability of Caribbean reef-building corals. We created a 

network of Caribbean hermatypic corals and their associated Symbiodiniaceae phylotypes. A 

bleaching model was applied to this network to test for resilience and robustness (R50) to 

thermal stress. It was also layered with trait data for coral life history strategy, conservation 

attention and population status, as well as network measures including betweenness and 

eigenvector centrality. We found that the Caribbean network exhibits a narrow window in which 

it can resist bleaching but that it remains relatively robust to thermal stress. We identified one 

coral, Dichocoenia stokesii, to be heat tolerant, network-critical, and in need of conservation 

attention. Additionally, we found potential evidence of phylogenetic inertia exhibited by 

Madracis decactis as well as evidence for high connectance of invasive Symbiodiniaceae 

phylotypes, D1 and D1-4, amongst Caribbean hermatypic corals. The latter of which poses 

potential for a trade-off in biological function for increased thermotolerance. The resilient, 

network stabilizing corals identified in this study should be the focus of continued restoration 

effort in the Caribbean. It is vital to future-proof Caribbean reefs to protect the economic, 

cultural, and biological value they provide. 
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Introduction: 

Corals are marine Cnidaria in the anthozoan sub-class Hexacorallia within order 

Scleractinia. These are commonly referred to as “stony corals” as they build hard skeletons. Corals 

can exist as solitary polyps living freely or as colonies. Coral colonies are comprised of clonal 

polyps that excrete a calcium carbonate exoskeleton beneath them. As corals grow and polyps 

multiply, the colony’s exoskeleton also grows. Corals are vital organisms for not only the marine 

realm, but also for the approximately one billion people who rely on coral reef ecosystem services. 

These services include food provisioning, coastal protection, income from tourism and fisheries, 

and cultural services (GCRMN et al. 2020). Coral reefs services are valued at 3.4 billion (USD) 

each year in the United States. There are many environmental pressures that affect coral health. 

These include, but are not limited to, temperature (Hoegh-Guldberg and Smith, 1989; Glynn, 1993, 

Coles and Fadlallah, 1991; Muscatine et al., 1991), pH (Marubini and Atkinson, 1999), dissolved 

oxygen, light (Yonge and Nicholls, 1931; Hoegh-Guldberg and Smith, 1989, Lesser et al., 1990; 

Kinzie, 1993), sedimentation, salinity (Goreau, 1964; Fang et al., 1995), and turbidity (Hoegh-

Guldberg et al. 2017). These highly valuable animals are rapidly declining in population as threats 

from climate change, including, but not limited to, coral bleaching, intensify. To understand the 

threat to ecosystem services from the loss of corals we must first understand the degree to which 

coral communities will be impacted by climate change. Investigations on coral bleaching are 

abundant in scientific literature, however few have considered the community-level characteristics 

of resilience to thermal bleaching. It is therefore important to understand how the various coral 

species will react to these environmental pressures and how their reaction to rapid environmental 

change will consequently affect coral reef ecosystems.  

 

Corals can be grouped based on their ecological role, including ability (or not) to build a 

reef and association (or not) with zooxanthellae. A coral is termed constructional if it forms an 

elevated durable carbonate structure in shallow or in deep water (Schuhmacher and Zibrowius, 

1984). Corals that significantly contribute to framework of reefs are considered hermatypic. In this 

study, we will focus on hermatypic corals that are, by definition, constructional and zooxanthellate. 

These corals are the major contributors to building living coral reefs and, in addition to calcareous 

algae, also building reef framework; a reef framework is the physical ridge of material at or near 

the surface of the ocean (Goreau 1963; van Woesik and Done, 1997). Reefs build at rates 
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dependent upon carbonate deposited by corals and other calcareous organisms. Building reef-

framework occurs over geologic time and has exhibited varied rates of growth in the past (Perry 

and Smithers, 2011). Recent investigations have found that modern reef-growth rates are projected 

to keep pace with projections for sea level rise (Kench et al. 2022). While this is promising, the 

potential for future growth rates to maintain modern rates is unlikely as corals populations are 

diminishing. The implications of sea level rise overtaking reef growth rates include, but are not 

limited to, increased coastal flooding, loss of protective barriers for incident wave energy, and loss 

of culturally valuable sites. It is therefore crucial to embed resilience to thermal stress in coral reef 

ecosystems as a measure to protect against the projected consequences of sea level rise. 

 

Corals can also be grouped as zooxanthellate or azooxanthellate (Schuhmacher and 

Zibrowius, 1984). The former describes corals that house dinoflagellates while the latter do not. 

These dinoflagellates, colloquially known as zooxanthellae, are photosynthetic and have a 

symbiotic relationship with corals. Zooxanthellae convert sunlight into the energy corals require 

to grow and provide up to 95% of coral fixed carbon requirements (Muscatine et al., 1984). In 

return, corals provide zooxanthellae with protection by sequestering them within their tissues and 

augment their growth with coral waste products (CO2 & nitrogen). Loss of these symbionts due to 

physiological stressors is termed ‘coral bleaching’. This causes coral skeleton to be visible through 

the transparent coral tissues and appear white and often leads to increased mortality due to the 

disruption of energy intake provided by the zooxanthellae. 

 

Zooxanthellae of the family Symbiodiniaceae are the most commonly occurring 

dinoflagellates in symbiosis with marine invertebrates including scleractinian corals (Trench 

1979). Symbiodiniaceae typically contain one or more chloroplasts and can exist in either a 

vegetative cyst (coccoid form) or as a motile form (McLaughlin and Zahl 1959; Freudenthal 1962). 

The coccoid form is the most common form of zooxanthellae found within coral tissue 

(Schoenberg and Trench 1980). The coccoid form can reproduce, asexually, by binary fission to 

produce two or four daughter cells or, alternatively, form motile zoospores. Most symbiotic 

dinoflagellates were considered a single pandemic species, Symbiodinium microadriaticum based 

primarily on morphological classification (Taylor 1974). Since the 1970s, the advancement of 

molecular genetic techniques has led to the discovery of the immense diversity in symbiotic 
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dinoflagellates. There are now consistently nine clades of Symbiodiniaceae with four genera 

Symbiodinium (formerly known as clade A, LaJeunesse et al., 2018), Breviolum (formerly known 

as clade B, LaJeunesse et al., 2018), Cladocopium (formerly known as clade C, LaJeunesse et al., 

2018), and Durusdinium (formerly known as clade D, LaJeunesse et al., 2018) that are 

predominant within scleractinian corals (Baker 2003; Coffroth and Santos 2005; Stat et al. 2006).  

Pochon and Gates 2010). This delineation of genera was made possible through phylogenetic 

analysis of the internal transcribed spacers (ITS) 1 and 2, and small and large subunit (SSU and 

LSU) of ribosomal DNA (LaJeunesse et al., 2018). Each genus is further divided into subclades 

and phylotypes with the use of ITS2 DNA barcodes (LaJeunesse 2001). It is important to note that 

phylotypes are approximations of species-level distinctions and the precise taxonomic 

classification of symbionts is an ongoing effort. It is currently possible for multiple phylotypes to 

represent a single species and possible for single phylotypes to represent multiple species. Within 

these phylotypes, there is variation in capacity for photo acclimation as well as thermal tolerance 

both between and within cladal levels (Iglesias-Prieto and Trench 1994; Iglesias-Prieto and Trench 

1997; Tchernov et al. 2004; Robison and Warner 2006; Hennige et al. 2009).  

 

The combination of Symbiodiniaceae phylotypes with the unique traits of coral species can 

determine their vulnerability to thermal stress (Glynn et al. 2001, Berkelsman and van Oppen, 

2006). It is therefore possible to predict a coral’s response to thermal stress based on their 

associations with either more or less tolerant phylotypes. It is also possible to inoculate corals used 

for restoring reefs with symbionts that are either naturally thermally tolerant or heat-evolved in lab 

(Buerger et al., 2020). This would allow for the manufacturing of thermally resilient corals through 

introduction of phylotypes or through direct modification of existing phylotypes which could 

potentially protect against projection for increased frequency of DHWs, a measure that shows how 

much heat stress has accumulated in an area over the past 12 weeks by adding up any temperature 

exceeding the bleaching threshold during that time period. 

 

The delicate relationship between reef-building corals and their zooxanthellae has been 

severely impacted during the Anthropocene. Marine heatwaves have trended to become more 

frequent and more severe since 1980 and they are predicted under current models to become an 

annual event by mid-century (van Hooidonk 2015, Heron 2016, Castillo et al. 2019).  Coral- 
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Symbiodiniaceae relationships can be disrupted during marine heating by coral bleaching, which 

leads to increased morbidity and mortality of coral hosts. The increased severity of marine 

heatwaves threatens to drive coral reefs to extinction and subsequently threatens the services 

humans derive from these ecosystems. The estimated global economic value of coral reefs is nearly 

10 trillion (USD) per year (Constanza et al 2014). Disruption of Symbiodiniaceae symbiosis puts 

an estimated 800,000 species of reef fishes at risk from habitat loss (Fisher et al. 2015). Reefs 

protect coastlines in the tropics worldwide. Reefs protect an estimated 1.8 billion (USD) in 

damages in the United States annually, but the collapse of reefs in the United States would likely 

result in damages more than double that value (Beck et al. 2018, Storlazzi et al. 2019). Hard coral 

coverage on Caribbean reefs has decreased from 50% to 16% between 1970–2012 (Jackson et al. 

2014). The worst global bleaching and mortality event on record occurred during 2014–2017 and 

the current status of coral coverage in the Caribbean as a whole is unknown. (Lough et al. 2018, 

Eakin et al. 2019, Claar 2020). However, decline in coral cover has been reported along the coast 

of South Florida from 2004-2018 with subsequent increases in macroalgae cover and relative 

increases in octocoral and sponge cover (Jones et al., 2022) 

 

Both passive and active management strategies are being implemented to help mitigate the 

loss of coral reefs. There has been an increased use of active restoration strategies on coral reefs 

in the past couple of decades. However, there are some concerns associated with the current 

practice of coral restoration. Most projects appear to be short-term efforts that have limited post 

hoc ecological monitoring. Although a 60–70% survival rate is reported among restoration 

projects, it is likely this number is inflated due to the limited length and monitoring of projects 

(Boström-Einarsson et al. 2020). Boström-Einarsson et al. (2020) also found that 30% of restored 

corals are from a single genus; Acropora. Acropora are a fast-growing and rapidly declining genus 

and are therefore good candidates for preliminary research on restoration methods (Johnson et al. 

2011). However, they might not be the most critical genera for the Caribbean network. Acroporids 

are particularly sensitive to thermal stress and may not be able to build reefs successfully as 

temperatures continue to rise. Although it is no replacement for significant action regarding 

climate change, restoration is still a valuable tool for helping ecosystems retain their function. 

Despite their room for improvement, restoration projects have served as a proof of concept that it 

is possible to successfully grow corals at a rate faster than is naturally observed (Forsman et al. 
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2015). It is important for restoration projects to transition from small-scale efforts to well-informed 

ecological scale efforts that epitomize reef resilience. To achieve this transition, management 

planning requires baseline data and tools for understanding and predicting how ecosystems will 

respond to perturbations and interventions. 

 

Network science can conceptualize the complex system of coral-zooxanthellae 

associations and provides a means for determining the patterns of resistance to thermal stress and 

ecosystem stability during bleaching events for the Caribbean reef-building coral network. 

Networks achieve this by representing their components in the form of nodes; corals and 

Symbiodiniaceae phylotypes will make up the nodes of the network. These nodes are connected 

to each other by links, referred to as edges, to represent observed interactions. Coral- 

Symbiodiniaceae networks, like other natural world networks, have been shown to exhibit non-

random organization (Swain 2021). These non-random networks have structure and topology that 

determine their ability to withstand perturbation (Albert et al. 2000, Allesina and Pascual 2008, 

Williams 2020). Common features of networks are that they exhibit power-law distributions where 

many nodes have a few connections with few nodes having many connections. This structuring 

allows for random removals of nodes to occur with little effect to the overall network. However, 

removals of highly connected nodes or within modules of nodes that are highly connected to each 

other can result in effects that threaten the stability of the overall network. Because real-world 

networks are particularly vulnerable to targeted attacks, there exists critical nodes and links that 

may affect overall network stability if lost. These network critical associations may create schisms 

in the network when lost or result in a network that is less robust to random loss of nodes. These 

critical associations and nodes may also allow us to identify how potential targeted attacks could 

disrupt network stability. 

 

Here I present a network model that represents Caribbean hermatypic corals and their 

associated Symbiodiniaceae symbionts. This network is layered with metadata that includes 

population status, conservation status, phylogenetic relationships among hosts and symbionts, 

thermotolerance of hosts and symbionts (Swain 2016), and transmission mode of symbionts. The 

network consists of 38 hermatypic corals with referenced distributions in the Caribbean. The 

network includes Brazilian and South Floridian corals to reflect the most inclusive community of 
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corals that could build reefs in the Caribbean region (Roberts 1997, Rippe et al. 2017). Coral-

Symbiodiniaceae phylotype association data, determined using ITS2 phylotypes, were collected 

from literature for 32 of the 67 known corals in the Caribbean. Symbiont association data for the 

remaining six corals in this analysis were collected from a combination of existing literature and 

field samples. 

 

The Caribbean network was tested for its resistance to perturbations by examining the 

temperature change needed to go from 10% of corals being bleached to 90% of corals bleached 

(Williams 2020). This was achieved by applying a model that assigns a bleaching threshold weight 

to links in the network (Williams 2020). This model accounts for thermotolerances of corals and 

their associated symbionts as well as mean monthly maximum sea surface temperature. This model 

provides weighted links that are removed when temperature exceeds the thermotolerance of the 

coral-symbiont association. The bleaching model combined with our network allows us to identify, 

first, the network critical coral-symbiont associations, and second, which of these critical species 

are best adapted for surviving inevitable marine heatwave events. Understanding this allows us to 

answer the following questions: 1) What corals or coral-symbiont associations are most vital to 

network stability in the Caribbean? 2) Which of these associations can be protected by increasing 

conservation effort on the coral hosts? 3) How resilient and how robust is the Caribbean network 

to thermal stress? 

Methods: 

Site selection:  

 Samples were collected from Belize near English Caye Light from two reef areas just south 

of the Lighthouse at 17.3162686°N, 88.0388308°W and 17.3162323°N, 88.0390834°W. This site 

was chosen due to its high density of hermatypic corals that are found throughout the rest of the 

Caribbean that lacked minimum symbiont association data for inclusion in the network analysis 

(Dinerstein et al. 1995).  

 

Sample Collection:  

Samples were collected on SCUBA within recreational diving limits (1–40m). All samples 

were collected between 1–20m. Coral fragments (1–5 cm2) from living, non-bleached, non-
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diseased corals were collected from the top and bottom of each coral colony sampled: Agaricia 

fragilis (Dana, 1846), Agaricia tenuifolia (Dana, 1846), Eusmilia fastigiata (Pallas, 1766), 

Manicina areolata (Linnaeus, 1758), Mussa angulosa (Pallas, 1766), Mycetophyllia ferox (Wells, 

1973), Porites divaricata (Le Sueur, 1820), and Siderastrea stellata (Verrill, 1868). Corals were 

identified based on morphology in the field by an experienced Caribbean coral researcher.  

Fragments were collected with a hammer and chisel and kept in individual plastic bags while 

underwater before being transferred to 5mL O-ring tubes and preserved in salt-saturated 20% 

DMSO. Colonies were sampled at least 5 metres apart from each other.  Coral colonies were 

sampled until total records for each species reached the minimum 10 records required for inclusion 

in the network. All samples were kept at -80°C after collection until DNA extraction. 

 

DNA Extraction and PCR: 

Whole ITS region/ITS2 (phylotypes): 

Symbiodiniaceae DNA was extracted from coral fragments using a cetyl 

trimethylammonium bromide (CTAB) extraction protocol (Supplemental D1) and diluted by 

adding 1µL of extraction with 49µL of molecular grade H2O. PCR amplification of the complete 

ITS region, including ITS1, 5.8s, and ITS2, followed DNA extraction. Primers for the ITS region 

are as follows: ZooxITSAF (5' - GGG ATC CGT TTC CGT AGG TGA ACC TGC - 3') and 

ZooxITSbR (5' - GGG ATC CAT ATG CTT AAG TTC AGC GGG T - 3') (LaJeunesse 2001). 

Each PCR reaction required 1µL of extraction dilution, 12.5µL of DreamTaq MM(2X), 0.5µL of 

each primer, and 10.50 µL molecular grade H2O. PCR was run under the following conditions: 

95°C for 3 minutes, 38 cycles of 95°C for 45 seconds, 57°C for 60 seconds, and 72°C for 75 

seconds, followed by a final 8-minute extension step at 72°C. All products were tested for 

successful amplification using gel electrophoresis. Successful amplifications were estimated to be 

around 700-800 base pairs (bp) long when compared to a 1000 bp DNA ladder. Failed 

amplifications were tried once again using the same PCR reaction above but with the addition of 

bovine serum albumen (BSA) as a general PCR enhancer to the reaction tube (Karunanathie et al. 

2022). BSA was substituted in equal quantity for 1µL of molecular grade H2O for four samples 

that failed initially. PCR products were transferred to a -80°C freezer for long-term storage. 
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Sample Purification and Sequencing: 

 PCR products were purified using the Illustra ExoProStar PCR and Sequence Reaction 

Clean-Up Kit following the Illustra recommended 1-step protocol. Purified samples were sent the 

Florida State University Biological Sciences DNA Sequencing Facility in Tallahassee, Florida for 

sequencing. Both forward and reverse sequences were obtained from sequencing. These were 

aligned in BioEdit using ClustalW multiple sequence alignment (Hall 1999). Consensus sequences 

were generated in BioEdit and inputted into The Basic Local Alignment Search Tool (BLAST) to 

generate phylotype matches. 

 

Table 1. Caribbean Network Coral Species obtained from primary literature (see appendix for full 

reference list) with distributions located in the Western Atlantic. Corals from Florida, Brazil, 

Bermuda, the Gulf of Mexico, and the Caribbean Sea are included. Corals highlighted in light 

green are included in the network. Corals with insufficient symbiont association data are 

highlighted in orange. 

Acropora cervicornis Leptoseris cailleti Oculina diffusa 

Acropora palmata Madracis asperula Oculina robusta 

Agaricia agaricites Madracis auretenra Oculina tenella 

Agaricia fragilis Madracis decactis Oculina valenciennesi 

Agaricia grahamae Madracis formosa Oculina varicosa 

Agaricia humilis Madracis myriaster Orbicella annularis 

Agaricia lamarcki Madracis pharensis Orbicella faveolata 

Agaricia tenuifolia Madracis senaria Orbicella franksi 

Agaricia undata Manicina areolata Porites astreoides 

Astrangia poculata Meandrina brasiliensis Porites branneri 

Cladocora arbuscula Meandrina jacksoni Porites colonensis 

Colpophyllia breviserialis Meandrina meandrites Porites divaricata 

Colpophyllia natans Montastraea cavernosa Porites furcata 

Dendrogyra cylindrus Mussa angulosa Porites porites 

Dichocoenia stokesii Mussismilia braziliensis Pseudodiploria clivosa 

Diploria labyrinthiformis Mussismilia harttii Siderastrea radians 

Diploria strigosa Mussismilia hispida Siderastrea siderea 

Eusmilia fastigiata Mussismilia leptophylla Siderastrea stellata 

Favia fragum Mycetophyllia aliciae Solenastrea bournoni 
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Favia gravida Mycetophyllia danaana Solenastrea hyades 

Helioseris cucullata Mycetophyllia ferox Stephanocoenia intersepta 

Isophyllia rigida Mycetophyllia lamarckiana   

Isophyllia sinuosa Mycetophyllia reesi   

 

Data analysis: 

Network: 

The natural network was constructed in R using the igraph package (Csárdi and Nepusz 

2006). Two types of nodes, coral host species and Symbiodiniaceae phylotypes, will be connected 

by weighted links provided by the bleaching model described below (equation 1). The network is 

layered with metadata for each coral host node including symbiont transmission mode, EDGE 

(Evolutionarily Distinct and Globally Endangered) scores, and IUCN population status. Coral 

hosts were included if they met the sufficient data requirement of a minimum 10 phylotype 

association records. Network based analysis included measures for eigenvector centrality, which 

assigns value to a node based on how many connections the node’s connected nodes have, and 

betweenness, which assigns value to a node based on the number of times it lies on the shortest 

path between other nodes. Eigenvector centrality measures how centrally connected a node is to 

the rest of the network, while betweenness identifies nodes that act as bridges between modules in 

the network. A node can be given a high betweenness value if it is located on the periphery of the 

network. These nodes were identified but not included in our analysis as they serve a less relevant 

role in the network. Both betweenness and eigenvector centrality were calculated using functions, 

betweenness and evcent, respectively, that are built into the R package igraph. Additionally, scores 

for Bleaching Response Index (BRI) values were obtained from Swain et al. 2016. Ranked EDGE 

scores and Shannon-Weiner Index values were also plotted on the network. 

 

Bleaching model: 

A model for bleaching (equation 1) susceptibility in response to temperature increase was 

applied to determine how the structure of the Caribbean network and the distribution of thermal 

tolerances might affect resistance to temperature stress (Williams 2020). The bleaching model 

from Williams (2020) was adapted to work in R by Sara Williams with igraph network types. The 

bleaching model is included below and provides weighted links based on the expectations that 
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corals will bleach once temperatures exceed mean monthly maximum sea surface temperature and 

that there is an upper thermal limit for coral-symbiont association (Jokiel and Coles 1990, Fitt et 

al. 2001, Donner et al. 2005, Williams 2020). 

 

𝑊ℎ.𝑠 = 𝑇𝑀𝑀𝑀(2005) +
𝑇∆(𝜏𝑠𝑦𝑚𝑏𝑖𝑜𝑛𝑡+𝜏ℎ𝑜𝑠𝑡)

2
  (eq. 1) 

 

TMMM represents the mean monthly maximum sea surface temperature from 2005 (Donner 

et al. 2005). The values for TMMM were assigned to the Caribbean region by taking the average, 

30.02°C, of all represented subregions (table 2). This was done to account for the noise present in 

coral host nodes that have an unequal distribution of association data from multiple regions. T∆ 

represents the upper thermal limit for coral-symbiont association and values for tsymbiont and thost 

were obtained from Swain et al. 2017. 

 

Table 2. Mean monthly maximum sea surface temperatures for the subregions of the Caribbean 

Coral Network (Donner et al. 2005). 

Subregion TMMM (2005) (℃) 

Western Caribbean 29.72 

Eastern Caribbean 29.63 

Central Caribbean 29.94 

Florida 30.25 

Gulf of Mexico 30.54 

Regional Average 30.02 

 

Bleaching resistance metric: 

The resistance of the Caribbean network was determined by calculating the required 

temperature for the network nodes to go from 10% to 90% bleached (Williams 2020). The required 

code and randomization tests needed to calculate and simulate this resistance metric was adapted 

from existing code (Williams 2020). This model ran 100 simulations for each distribution to obtain 

the change in temperature needed for 10% and 90% bleached corals for the natural network. 

 

Ecological robustness: 
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Ecological robustness, unlike the resistance metric, is determined by finding an R50 value. 

The R50 value is the number of nodes or links needed to be removed until only 50% of the original 

nodes are remaining (Dunne et al. 2002, Dunne and Williams 2009, Williams 2020). 

 

Conservation attention: 

Coral nodes were labeled from low to high conservation status provided by EDGE 

(Evolutionarily Distinct and Globally Endangered) scores. EDGE scores are created by combining 

scores for both unique evolutionary history for each species as well as its global conservation 

(IUCN) status. These EDGE scores also include a measure for the conservation attention a species 

is receiving categorized as: good, medium, low, or very low. 

Results:  

The initial database for this network, from Swain et al. (2021), consisted of 5,470 records 

of coral-Symbiodiniaceae phylotype associations in the Caribbean region. The database 

represented 32 coral hosts from 17 genera and 129 Symbiodiniaceae phylotypes from five clades. 

Six coral hosts and six phylotypes were added through association data collected from a further 

literature review and field samples. Total records of the database used for this analysis reached 

5,539 records representing 38 coral hosts from 19 genera and 135 Symbiodiniaceae phylotypes 

from five clades (Supplemental T1). Additionally, new association records were added for three 

coral hosts for which sufficient data had already been included in the original dataset. Furthermore, 

metadata including transmission mode, sexual strategy, and reproductive system used by all 67 

hermatypic corals in the Caribbean were included during literature search. Specific transmission 

mode for 62 corals, reproductive strategy for 64 corals, and sexual system for 53 corals were 

recorded (Supplemental T2). 

 

Field samples were collected for eight coral hosts: Agaricia fragilis (Dana, 1846), Agaricia 

tenuifolia (Dana, 1846), Eusmilia fastigiata (Pallas, 1766), Manicina areolata (Linnaeus, 1758), 

Mussa angulosa (Pallas, 1766), Mycetophyllia ferox (Wells, 1973), Porites divaricata (Le Sueur, 

1820), and Siderastrea stellata (Verrill, 1868). All ITS sequence reads were between 690–790 

base pairs (bp) in length. ITS2 sequences were isolated from the complete ITS sequences using 

ITS2intfor2 and ITS2-reverse primers inputted into the primer alignment tool in BioEdit and 
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resulted in sequence lengths between 190–250bp (Hall 1999, LaJeunesse 2002). BLAST 

(megablast) showed that all sequences collected from Belize contained the C1 phylotype with two 

exceptions: one sample of Eusmilia fastigiata associated with B1 and one sample of Mycetophyllia 

ferox contained phylotype C.2486705. 
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Figure 2: These networks visualize Caribbean network metrics for betweenness and eigenvector 

centrality. Plot a) indicates betweenness scores for coral hosts on a gradient color scale where blue 

represents the highest betweenness, yellow represents the lowest betweenness, and an intermediate 

between both ends of the gradient that produces a green color effect; b) indicates eigenvector 

centrality scores for coral hosts on a gradient color scale where blue represents the highest 

centrality, yellow represents the lowest centrality, and an intermediate between both ends of the 

gradient that produces a green color effect. 

b

. 
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a. 
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b. 
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c. 
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Figure 3: These plots represent metadata for coral host nodes: a) represents coral host BRI on a 

gradient color scale where blue represents corals with low BRI and yellow represents corals with 

high BRI that experience higher bleached tissue during bleaching events; b) EDGE ranks are 

plotted on a gradient where bluer nodes are less in need of conservation attention while yellow 

nodes are in greater need and white nodes are currently unranked or data deficient; c) visualizes 

transmission modes of coral hosts where purple indicates vertical transmission and orange 

indicates horizontal transmission of symbionts; d) plots the richness, based on the Shannon-Wiener 

H Index, of coral host associations with symbiont phylotypes. 

d. 
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Network plots enabled visualization of vital network parameters and ecologically and 

biologically relevant metadata. Nodes of interest for network betweenness (Figure 2a), which 

measures the number of times a node lies on the shortest path between other nodes, include: 

Siderastrea radians (Pallas 1766), Siderastrea siderea (Ellis & Solander, 1786), Porites astreoides 

(Lamarck, 1816), Agaricia lamarcki (Edwards & Haime, 1851), Agaricia humilis (Verrill, 1901), 

Orbicella annularis (Ellis & Solander, 1786), and Colpophyllia natans (Houttuyn, 1772). 

However, betweenness can have multiple interpretations in that a high betweenness value could 

indicate that a node holds authority over distinct clusters in a network, or just that they are on the 

periphery of one or more cluster. The following corals had high betweenness and were identified 

to be non-periphery, cluster-connecting nodes: Siderastrea radians, Siderastrea siderea, and 

Orbicella annularis. Nodes with high eigenvector centrality (Figure 2b), which measures a node’s 

influence based on the number of links it has to other nodes in the network, and how well linked 

those other nodes are, include: Manicina areolata (Linnaeus, 1758), Favia fragum (Esper, 1793), 

Meandrina meandrites (Linnaeus, 1758), Isophyllia sinuosa (Ellis & Solander, 1786), Diploria 

clivosa (Ellis & Solander, 1786), Diploria labyrinthiformis (Linnaeus, 1758), Diploria strigosa 

(Dana 1846), Eusmilia fastigiata, and Dichocoenia stokesii (Milne-Edwards & Haime, 1849). 

Nodes with high BRI scores in the network (Figure 3a) include: Acropora cervicornis (Lamarck, 

1816), Acropora palmata (Lamarck, 1816), Eusmilia fastigiata, Orbicella annularis, Agaricia 

lamarcki, Agaricia agaricites (Linnaeus, 1758), and Agaricia humilis. The nodes classified, 

according to EDGE scores (Figure 3b), as the most at risk and in need of conservation attention 

are, in order from most to least concern: Stephanocoenia intersepta (Esper, 1795), Acropora 

cervicornis, Acropora palmata, Montastraea cavernosa (Linnaeus, 1767), Dichocoenia stokesii, 

Helioseris cucullata (Ellis & Solander, 1786), and Agaricia lamarcki. 

 

Combining corals with high values for betweenness and centrality that also have high BRI 

provides corals that are network critical and vulnerable to thermal stress. These corals included 

Orbicella annularis and Eusmilia fastigiata. Other coral hosts that were found to be both 

vulnerable based on BRI and deemed worthy of conservation attention, but were not network 

critical were: Acropora cervicornis, Acropora palmata, and Agaricia lamarcki. Alternatively, the 

most resilient corals, those with low BRI scores, that have the highest centrality scores for the 

network include: Manicina areolata, Favia fragum, Meandrina meandrites, Isophylia sinuosa, 
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Diploria clivosa, Diploria labyrinthiformis, and Diploria strigosa. These corals are also 

considered lower priority in terms of EDGE ranking for conservation attention (figure 3b). 

Siderastrea siderea and Siderastrea radians were found to have high betweenness values and low 

BRI scores and are similarly not considered high conservation priority, nor were they considered 

central to the network. Finally, Dichocoenia stokesii had high eigenvector centrality, placed high 

in EDGE ranks, and is less sensitive to thermal stress with one of the lowest BRI values in the 

network. 

 

 

Resistance testing found it takes 0.115°C of temperature increase, after normalization due 

to model parameters, to go from 10% to 90% of corals bleached. This temperature increase occurs 

between 32°C and 32.4°C (figure 4). It is important to note that the temperature range is larger 

than the temperature required to meet resistance thresholds. This is explained by the need to 

normalize the resistance value by dividing by 3 to account for the upper thermal limit parameter, 

Figure 4: Bleaching model (equation 1) applied to the Caribbean network indicates bleaching starts 

at 31.9°C and affects 100% of corals at 32.37°C. The blue, orange, and green lines, respectively, 

tracks proportion coral hosts, edges, and nodes bleached or removed as temperature increases. The 

node category includes both coral hosts and symbiont phylotypes. 
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T∆, from Williams (2020) bleaching model (equation 1). Robustness (R50) is calculated as a 

proportion where values closer to one indicate higher robustness. Robustness was found to be 0.65. 

This means 65% of combined nodes and edges were removed before 50% of the nodes in the 

network were removed. 

 

Discussion: 

The unique traits of coral species and Symbiodiniaceae phylotype combinations determine 

their vulnerability to thermal stress; therefore, the regional loss of coral species is potentially 

predictable. What is not yet predictable is how the loss of coral and their associated 

Symbiodiniaceae phylotypes will affect the remaining coral- Symbiodiniaceae symbiosis network. 

Loss of coral and/or phylotype nodes in the symbiosis network may destabilize the remaining links 

and further endanger species that are thought to be more resilient to climate change. The Caribbean 

network presented here provides a foundation for predicting how the loss of vulnerable Caribbean 

coral species will affect the stability of the network.  We found Orbicella annularis and Eusmilia 

fastigiata to be network critical and vulnerable to the consequences of increasing severity and 

intensity of marine heatwaves. Acropora cervicornis, Acropora palmata, and Agaricia lamarcki 

were found to have poor tolerance to heat and but are not network-critical.  Manicina areolata, 

Favia fragum, Meandrina meandrites, Isophylia sinuosa, Diploria clivosa, Diploria 

labyrinthiformis, and Diploria strigosa are the most connected corals and have the lowest 

bleaching response, thus are good candidates for maintaining a stable, heat-tolerant Caribbean 

coral network. Dichocoenia stokesii was found to be network critical, resistant to thermal stress, 

and in need of conservation attention. This combination makes D. stokesii an excellent candidate 

for smaller scale restoration efforts in the Caribbean to maximize resilience. Results of the 

bleaching model show that the Caribbean network increases from 10% to 90% coral hosts bleached 

within a narrow temperature range but remains relatively robust to bleaching. Additionally, 

Madricis decactis provided potential evidence of phylogenetic inertia among coral-symbiont 

associations. And finally, invasive symbiont phylotypes were found at the center of the network 

and could have potential to increase the resilience of the network at an uncertain physiological cost 

for coral hosts. 
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O. annularis and E. fastigiata were found to be network critical corals that should be given 

consideration in resilience-based management of Caribbean reefs despite their sensitivity to 

thermal stress. The following corals were identified as being network critical and vulnerable to the 

consequences of increasing severity and intensity of marine heatwaves: Orbicella annularis and 

Eusmilia fastigiata. These corals are relatively more vulnerable to thermal stress than the rest of 

the network and have high betweenness measures. This measure shows which nodes are “bridges” 

between nodes in a network. It does this by identifying all the shortest paths and then counting 

how many times each node falls on one of these shortest paths. Loss of these “bridge” corals would 

more likely result in schisms in the network than if another, lower ranked coral was to be lost. 

Eusmilia fastigiata is currently listed as “Least Concern” by the IUCN while Orbicella annularis 

is considered “endangered”. It is important to note that these population statuses from the IUCN 

have not been updated since 2008 and would likely have changed dramatically considering the 

multiple large and small-scale bleaching events that have occurred in the Caribbean since 2008 

(Eakin et al. 2019, Claar 2020). The unique combination of O. annularis and E. fastigiata as 

“bridge” corals that are also sensitive to thermal stress provides a dilemma for restoration priority. 

These coral populations are already depleted and are unlikely to survive the looming threat of 

marine heatwaves. However, as “bridge” corals they are considered important for network 

stability. While not the ideal targets for resilience-based restoration, O. annularis and E. fastigiata 

would be worth protecting as network critical corals.  

  

Acropora cervicornis, Acropora palmata, and Agaricia lamarcki were found to have poor 

tolerance to heat and but are not network-critical. Coral with low tolerance to thermal stress in the 

Caribbean network reduce overall resistance to bleaching. These corals are valuable for 

maintaining diversity but may not be the most stable based on the network parameters measured 

here. The following coral were identified as having poor tolerance to heat and were also not found 

to be network-critical: Acropora cervicornis, Acropora palmata, and Agaricia lamarcki. These 

corals are more likely to face increased mortality as the Caribbean warms and marine heatwaves 

become more frequent and severe making them non-ideal targets for resilience-based restoration 

(Bove et al. 2022). 
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Manicina areolata, Favia fragum, Meandrina meandrites, Isophylia sinuosa, Diploria 

clivosa, Diploria labyrinthiformis, and Diploria strigosa are the most connected corals and have 

the lowest bleaching response, thus are good candidates for maintaining a stable, heat-tolerant 

Caribbean coral network. Corals that are centrally located, measured by eigenvector centrality are 

the most connected corals whose connections are also highly connected, loss of these corals would 

disrupt network structure and are more likely to create separate networks if lost. All corals, except 

for one which will be discussed later, with the highest centrality scores also have the lowest 

bleaching response: Manicina areolata, Favia fragum, Meandrina meandrites, Isophylia sinuosa, 

Diploria clivosa, Diploria labyrinthiformis, and Diploria strigosa all fit this category. These corals 

are network-critical and most resilient to thermal stress. Therefore, these corals are good 

candidates for maintaining a stable, heat-tolerant Caribbean coral network. Additionally, 

Siderastrea siderea and Siderastrea radians were found to have high betweenness scores and low 

BRI scores and would also be valuable in maintaining a stable network that is resilient to thermal 

stress. Finally, there was one network critical coral with high heat-tolerance and presently low 

conservation attention. Dichocoenia stokesii had high eigenvector centrality, placed high in EDGE 

ranks, and is less sensitive to thermal stress with one of the lowest BRI values in the network. This 

coral species requires increased attention and would serve well as a target for restoration projects. 

D. stokesii forms stable connection with symbionts that are shared throughout the network and is 

capable of withstanding thermal stress.  

 

The Caribbean network increases from 10% to 90% coral hosts bleached within a narrow 

temperature range but remains relatively robust to bleaching. The bleaching model applied here 

provided metrics for resistance and robustness. Resistance measures the temperature range in 

which bleaching overtakes the coral network. Beyond 32°C, the Caribbean network is expected to 

rapidly bleach. This would require marine heatwaves to sustain temperatures in excess of 2°C 

above the Caribbean average mean monthly maximum, 30.02°C, in order for 90% of corals hosts 

to bleach. Corals that are not adapted to handle heat stress through individual characteristics or 

association with thermotolerant symbionts will likely be lost to predicted global climate change 

under climate change scenarios. RCP 8.5, inaccurately referred to as a “business as usual” model, 

is increasingly unlikely to occur and recent analysis of Caribbean warming predicts temperature 

rise closer to that in the RCP 4.5 model (Hausfather and Peters 2020, Bove et al. 2022). Under 



 29 

RCP 4.5, global temperature is likely to increase 2-3°C by 2100. Sea surface temperatures will 

increase with global temperatures in the Caribbean by ~1.5°C on average by 2100 (Bove et al. 

2022). This increase will not immediately cause corals to bleach in the Caribbean but will 

significantly reduce the heat required to initiate bleaching (Figure 4). As marine heatwaves trend 

to be more frequent and severe, the threshold for breaking the Caribbean coral network’s resistance 

to bleaching will be more commonly surpassed. The toll of bleaching on coral mortality and growth 

will likely result in continued loss of coral cover in the Caribbean despite the robust nature of the 

network. However, the robustness of the network does provide hope that even as less 

thermotolerant corals bleach, the network has a chance of maintaining some stable connections 

between thermal tolerant hosts and symbionts.  

 

Madricis decactis provides potential evidence of phylogenetic inertia among coral-

symbiont associations (Figure 5). All other Madracis corals in the Caribbean utilize vertical 

transmission where symbionts are passed down from parents to offspring within coral propagules. 

However, M. decactis can acquire symbionts from the environment through a process known as 

horizontal transmission.  Although M. decactis can acquire symbionts outside of the few symbionts 

typically associated with other Madracis corals (mostly clade B), M. decactis associates with the 

same symbiont types as others in its genus. This may be evidence of phylogenetic inertia. This 

refers to the limitations on evolutionary pathways imposed by previous adaptations (Huber 1939). 

While M. decactis acquires symbionts from the environment it most likely is constrained in 

acquiring the same symbionts with which the rest of the genus have evolved to use.  
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Figure 5: Transmission mode network with Madracis decactis labeled with a green star. 

 

Invasive phylotypes, D1 and D1-4, were found at the center of the Caribbean network 

indicating their strong association with Caribbean hermatypic corals with added potential for 

increasing resilience to bleaching (Figure 6, Pettay et al., 2015). These phylotypes are both 

centrally located and form a hub of connected Caribbean corals without discrimination for 

phylogenetic relatedness, transmission mode, or geographic location. D1 and D1-4, now referred 

to as Durusdinium trenchii (LaJeunesse et al. 2014), are Indo-Pacific endosymbionts that are 

resistant to bleaching and present a biological issue for host corals. D. trenchii provides less 
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nutrients and results in decreased growth and calcification rates in host corals (Pettay et al. 2015). 

Long term impacts of this includes decreased calcification rates across the region and decreased 

reef building. It was proposed that corals with flexible associations may have an ecological 

advantage by being able to acquire resistant symbiont types from the environment following 

bleaching events in a concept described as the ‘Adaptive Bleaching Hypothesis’ (Buddemeier and 

Fautin 1993). While it is unclear if thermally tolerant symbiont phylotypes like D1-4 are acquired 

from the environment after bleaching or if they were already present in low abundances and simply 

filled a vacant niche, there is evidence that symbiont community composition does change after 

bleaching (Kemp et al., 2014, Silverstein et al., 2014). While this has potential to benefit corals 

and the network by becoming more resilient through acquisition of resilient symbionts like D. 

trenchii, there would likely be physiological trade-offs that diminish coral functional performance 

(Pettay et al. 2015). However, there is some evidence to support that at higher ocean temperatures, 

this trade-off is eliminated and D. trenchii can enhance coral survival at little to no cost to the host 

(Cunning et al. 2015).  There remains a need to better understand the ecological consequences of 

microbial invasions in Caribbean coral reefs. 
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Figure 6: Caribbean network with Symbiodiniaceae phylotype D1 (left) and D1-4 (right) encased 

in a red oval. 

 

This paper provides a referenced list of hermatypic corals with recorded distributions in 

the Caribbean as well as coral-Symbiodiniaceae phylotype association data for four corals which 

had no previous records. The resilient, network stabilizing corals identified in this study should be 

the focus of continued restoration effort in the Caribbean. Creating resilient coral reefs will help 

to future-proof Caribbean reefs and protect the economic, cultural, and biological value they 

provide. However, network measures alone are not enough to validate a coral host’s value to the 

ecosystems, and it should be noted that inclusion of functional traits would improve the network. 

It is also important to note that while only 38 of the 67 known hermatypic corals were included in 
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this analysis that distribution and population data for corals in the Caribbean is lacking. Most 

distribution records of corals found to create the complete list date back to the early or mid 2000s 

and IUCN population data hasn’t been published since 2008. There are likely fewer than 67 

hermatypic corals with populations of ecological importance. There is also considerable noise 

involved with using ITS2 phylotypes of symbionts. These are not species level distinctions and 

true coral-host associations can be under or overestimated depending on the taxonomic 

classification used for Symbiodiniaceae phylotypes. Additionally, association data for 

unrepresented corals as well as functional traits for all corals in the Caribbean would greatly 

improve this analysis and provide a complete tool for determining network critical corals worthy 

of conservation attention. 
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