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1. Abstract 

In an era of rapid environmental change, it is important to consider how intraspecific 

variation may influence population dynamics when determining the fate of a species. Porites 

cylindrica is an Indo-Pacific coral occurring in two color morphologies on Guam, yellow and 

brown. This study investigates their current distribution patterns on Guam, their competitive 

strategies, and their differential responses to selected environmental stressors. Ecological 

surveys were used to assess colony abundance, competitive dynamics, and disease 

prevalence in colonies of yellow vs. brown P. cylindrica. Disease lesions on colonies of each 

color morph were monitored photographically in situ to further explore differences disease 

dynamics between morphs. Competitive strategies and heat tolerance of both color morphs 

were assessed using controlled laboratory assays. Ecological abundance surveys revealed that 

the yellow color morph was significantly more abundant than the brown morph on Guam 

(66.5% vs 33.5%, respectively). Yellow morphs were also found to be competitively 

dominant over brown morphs, in both field surveys (39.8% vs. 29.2%, respectively) and ex 

situ assays (42% vs. 0%, respectively). However, while yellow colonies allocated more 

energy towards competition, brown colonies recovered significantly faster from heat stress 

exposure in both symbiont densities and pigmentation. Additionally, disease lesions 

occurring on brown colonies were significantly smaller and less variable than disease lesions 

occurring on yellow colonies.  Disease prevalence was overall higher among yellow morphs 

(44%) than brown morphs (29%), however, only between site differences in disease 
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prevalence were significant. The results of this study indicate that intraspecific differences in 

color do play a role in a species’ resistance and resilience to environmental stress and can 

help provide insight into future population dynamics and persistence scenarios in the 

Anthropocene. 
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2.   Introduction 

2.1 Coral Reefs on Guam 

The U.S. Territory of Guam, the southern-most Mariana island, lies just outside the Indo-

Pacific center of reef biodiversity (Roberts et al. 2002), hosting an estimated 350 species of 

scleractinian corals (Randall 2003). Guam’s coral reefs provide crucial sources of income 

through their role in tourism, fishing, and coastal protection. In a study published in 2007, the 

economic value of Guam’s reefs was estimated to total US$127 million per year (Van Beukering 

et al. 2007). However, coral reefs around the globe are deteriorating as a direct result of human 

influences. The link between increased greenhouse gases, climate change, and anthropogenic 

pressures is incontrovertible, with mass bleaching events increasing in both frequency and 

magnitude in recent years (Hoegh-Guldberg 1999; Raymundo et al. 2019). Emerging coral 

diseases are also a serious threat implicated in extensive reef deterioration, through the disruption 

of the integrity of the coral holobiont homeostasis between the coral host and the microbiome 

(Bourne et al. 2009). Evidence from paleontological and ecological monitoring suggest that the 

occurrence and geographical distribution of coral diseases have also been increasing due to 

anthropogenic impact (Precht et al. 2002, 2016; Sutherland et al. 2004; Raymundo et al. 2005; 

Myers and Raymundo 2009; Tracy et al. 2019).  

The Indo-Pacific region contains an abundance of scattered, remote islands, often 

occupied by large coastal populations that have caused the deterioration of reef communities in 

many areas (Gomez 1988, Hughes et al. 2003). On Guam, repeated Acanthaster planci 

outbreaks, worsening water quality, and high fishing pressure from a growing population have 

led to the gradual decline in the condition of Guam’s reefs since the 1960s (Chesher 1969, 

Randall and Holloman 1974, Burdick et al. 2008, MacNeil et al. 2015, Raymundo et al. 2019). 
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The superimposition of elevated sea surface temperatures (SSTs), coupled with increasing 

bleaching events and disease prevalence, have had devastating effects on Guam’s already 

stressed reefs, and have led to increases in mass mortality events through-out the past decade 

(Myers and Raymundo 2009; Raymundo et al. 2019).  

 When predicting the fate of an ecological community, intraspecific variability is an 

important component to consider, as it comprises the foundation upon which natural selection 

may function (Violle et al. 2012). Focusing on diversity below the species level provides an 

additional way to characterize changes in coral communities that might otherwise be obscured in 

approaches focusing on the species level or higher (Hughes et al. 2018). As climate change 

continues to decimate coral reefs through mass bleaching and severe weather events (Hughes et 

al. 2017b, Raymundo et al. 2019), the few resilient species that persist may dominate future 

communities and subsequently drive future trait shifts (Kubicek et al. 2019). Observing 

individuals within a species can help identify evolved phenotypes that are more resilient under 

stressful conditions and could predict the future dynamics of coral reef communities (Kavousi et 

al. 2020). Therefore, individual coral colony performance is worth focusing on to learn how 

variation at this level may influence population dynamics in an increasingly stressful 

environment (Parkinson and Baums 2014, Kavousi et al. 2015).  

 Variations in coral colony morphology have been correlated with differences in life 

history strategies, such as growth rate, competition, reproduction, and stress response (Grime and 

Pierce 2012, Darling et al. 2012, Darling et al. 2013). Coral species have been shown to differ in 

their susceptibility to bleaching and disease, which may reflect underlying trade-offs in life 

history traits. A correlative study by Shore-Maggio et al. (2017) observed different color morphs 

of Montipora capitata displaying trade-offs between bleaching and disease resistance in response 
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to stressors, leading to differences in population dynamics on reef flats in Hawaii. On Guam, 

variations in color morphology in Acropora surculosa have been correlated with differences in 

resistance to heat stress, with red phenotypes being more sensitive to heat stress than other color 

phenotypes (Moscato, 2020). These observed variations in coral stress responses within same-

species color morphs highlight the need to consider diversity below the species level when 

predicting future ecological communities.  

Guam’s shallow reef communities are taxonomically diverse but dominated by the genus 

Porites, which contributes approximately 40% of live coral cover (Myers and Raymundo 2009). 

However, Porites is also the genus with the highest total disease prevalence compared to other 

coral taxon on Guam, making it a critical genus to focus on in order to better conserve the 

function and structural integrity of Guam’s reefs and their economic value. Of the estimated 13 

Porites species present on Guam, the branching coral Porites cylindrica is highly abundant, 

contributing to much of the complex structure found on Guam’s shallow reef flats. This species 

exists in two different color morphs, brown and yellow (Fig. 1), which can persist side by side at 

the same depth and in the same habitats on the reef flats of Guam. The relative differences in 

abundance, resistance, and/or resilience of the color morphs of P. cylindrica have yet to be 

quantified, and therefore future changes to Guam’s reef community structure cannot be 

accurately predicted. 

This study focuses on the intraspecific differences in resistance and resilience to 

environmental stress between the two color morphs of P. cylindrica, through quantification of 

intraspecific competitive ability, and susceptibility to heat stress and disease. The results of this 

study can provide a better understanding of the range of stress tolerance within a single species 

and the role that color variation could play in the tolerance of coral species to environmental 
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change. Understanding these differences within a species can help make future predictions of 

community assemblages more accurate, supporting the development of effective management 

efforts aimed to preserve biodiversity and the economy. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

2.2 Biological Strategies 

The spatial distribution of sessile marine invertebrates is shaped by the physical, 

biological, and chemical characteristics of the environment. Reef-building corals require space 

on the substratum for settlement, growth, and reproduction. Because of their reliance on 

photosynthetic endosymbionts for energy (Muscatine 1990) and on the consumption of 

zooplankton for essential nutrients (Ferrier-Pages et al. 2010), corals require a living space 

exposed to appropriate light levels and water flow carrying prey items (Chadwick and Morrow 

Figure 1. P. cylindrica brown and yellow color morphs co-occurring within the same 
thicket. 
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2011). Therefore, suitable space is a limiting factor for sessile organisms like corals, resulting in 

competitive interactions. Because species differ in their competitive ability, species-specific 

competitive hierarchies result. Preliminary studies have suggested that the development of these 

competitive hierarchies--or networks--may be associated with high biodiversity in marine 

communities (Buss and Jackson 1979, Jackson 1979, Buss 1986). Competition among corals for 

substratum space is a major force on tropical reefs and can contribute to shaping patterns of 

abundance and distributions of species and their subsequent evolved phenotypes (Rinkevich and 

Loya, 1985; Connell et al. 2004).  

            Competition for, and the acquisition of, space by sessile marine organisms usually 

involve physical mechanisms of interference rather than exploitation (La-Barre et al. 1986). 

Corals utilize a complex array of competitive mechanisms that include skeletal overgrowth, 

overtopping/overshading, redirection of growth, extrusion of mesenterial filaments and/or 

sweeper tentacles, allelopathy, and the physical interception of food particles (Chadwick and 

Morrow 2011). In terms of competitive traits, a study conducted in Sesoko Island, Okinawa, 

determined a transitive hierarchy among five Porites species in situ (P. rus > P. cylindrica > P. 

lobata > P. australiensis > P. lutea), where the most common competitive mechanism observed 

was skeletal overgrowth, with other outcomes being pigmentation response, bleaching, and tissue 

necrosis. A study by Idjadi and Karlson (2007) demonstrated that skeletal overgrowth was 

determined to be the most utilized competitive mechanism among two species of Porites in 

Polynesia. However, some corals are less physically aggressive and will instead use tactics to 

evade and defend from neighboring colonies. For example, many coral species will create 

skeletal barriers along contact zones of neighboring colonies, leading to competitive stand offs in 

which neither coral overgrows the other (Chadwick and Morrow 2011). A wide range of 
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cnidarians also use chemical mechanisms of interference by emitting toxic waterborne 

allelochemicals to kill larvae, induce tissue necrosis, and inhibit the growth of competing 

neighbors (Gunthorpe and Cameron 1990a, b; Rinkevich et al. 1992; Aceret et al. 1995). 

Colonies of P. cylindrica have been observed to vary their growth rates depending on the species 

of neighboring colonies, growing slower but surviving longer when in contact with same species 

neighbors in comparison to competitive neighbors of different coral species (Dizon and Yap 

2005), indicating the possession of an allorecognition system (Rinkevich et al. 1994). In contrast, 

transplanted colonies of Porites attenuata in the Philippines were recorded to have the opposite 

result when in contact with each other, where their growth rate increased but colonies had overall 

lower survivorship (Raymundo, 2001). This sort of physiological modification presented in 

Porites indicates an ability to distinguish self from non-self through the recognition of non-self 

attributes presented in conspecifics, which is the basis of all competitive interactions (Rinkevich 

et al. 1994). 

Intraspecific competition in sedentary organisms is a critical factor in the construction of 

coral reef communities. Outcomes of same-species interactions can vary from colony fusion and 

the formation of chimeric colonies to tissue mortality and overgrowth, depending on the maturity 

of the allorecognition system (Rinkevich et al. 1994), phenotypic variation (Rinkevich and Loya, 

1982), and the length of tissue contact time between conspecific corals (Franks and Rinkevich 

1994, Frank et al. 1997). In colonies of Stylophora pistillata, both color and colony size play a 

role in competitive aggression (Rinkevich and Loya 1982). S. pistillata exhibits hierarchical 

aggression of color morphs, in which purple colonies are superior to yellow colonies of similar 

size, and competitively exclude them even when they are not in physical contact. However, 

previous experimental work has also shown that when coral fragments are exposed to other 
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genetically identical fragments fusion may occur, resulting in increased survivorship of small 

colonies through the reduction of size-specific mortality (Raymundo and Maypa, 2004). In 

contrast, fusion of genetically distinct colonies can significantly lower the growth rates of 

resultant chimeras (Chornesky, 1991). However, chimerism has been shown to confer some 

benefits by allowing expression of alternative phenotypes (Rinkevich and Weissman, 1992) and 

increasing survival chances through larger body size and physical stability (Chornesky 1991).  

  
 

2.3 Consequences of environmental stressors on the coral holobiont 

2.3.1 The Coral Microbiome and Disease 

The coral microbiome plays a fundamental role in coral health and is an essential 

component of the coral holobiont, which includes the coral host, Symbiodiniaceae, and 

associated microorganisms. These associated microorganisms inhabit distinct ecological niches 

provided by the host, such as the surface, tissue, skeleton, and mucus layers, and are collectively 

referred to as the microbiome (Bourne and Munn, 2005; Brown and Bythell 2005; Rohwer et al. 

2002). The microbiome is composed of an assortment of bacteria, archaea, fungi, and viruses 

(Bourne et al. 2016; Frade et al. 2016a), which can aid in holobiont stability through the 

recycling of nutrients, removal of waste products, and providing immune defense against 

pathogens (Lema, Willis, and Bourne, 2012; Morris et al., 2011; Rosado et al., 2019). Coral 

microbiomes can be affected by both extrinsic and intrinsic factors; they are specific to a host 

species but can also be influenced by spatio-temporal conditions. Geography, water quality, 

depth, seasonality, and the physiological status of the host can all affect coral microbial 

community composition (Lema, Willis, and Bourne, 2012; Angly et al. 2016; Sweet and Bulling, 

2017). The interaction between the environment, disease/pathogenic agents, and the 
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physiological status of the host is involved in the manifestation of pathogenic diseases (Morris et 

al., 2011; Sweet and Bulling 2017).  

Six disease states have been documented on Guam, affecting eight families of reef-

building corals (Myers and Raymundo 2009). Of the disease states recorded, white syndromes 

are the most prevalent (Fig. 2) (Myers and Raymundo 2009, Sweet et al. 2019). White 

syndromes represent a significant group of diseases due to their extensive geographical 

distributions, diverse host ranges, and their ability to cause rapid and often irreversible damage 

(Aronson and Precht, 2001; Antonius 1985; Pollock et al. 2016).  The Indo-Pacific white 

syndromes are not as extensively characterized as the white diseases of the Caribbean (white 

band types I and II, white plague, white patch, Serratiosis) and are currently being described 

under the blanket term “white syndrome” until reliable diagnostic criteria are developed to 

differentiate potentially etiologically distinct diseases (Ritchie and Smith 1998, Patterson et al. 

2002, Pollock et al. 2016; Rogers et al. 2005). White syndromes are characterized by progressing 

tissue loss that exposes underlying skeleton, manifesting as single to multiple lesions that 

displaying a clear boundary between healthy coral tissue and exposed skeleton (Bourne et al. 

2015, Lozada-Misa et al. 2015). Various causal agents have been attributed to tissue loss 

associated with white syndrome including Vibrio and Rhodobacteracea bacteria, viruses, 

helminths, ciliates, and parasites (Bourne et al. 2015). Outbreaks of white syndromes in the Indo-

Pacific have also been correlated with environmental factors such as periods of elevated sea 

surface temperature (Howells et al. 2020). For instance, a 20-fold increase in white syndrome 

prevalence was recorded in the Great Barrier reef after the anomalously warm summer of 2001-

2002 (Willis et al. 2004, Bruno et al. 2007). Howells (2020) tracked outbreaks of white 

syndrome in the southern Persian Gulf and found that the prevalence of white syndrome 
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increased exponentially with cumulative heat exposure. However, white syndrome prevalence 

has no clear link with elevated temperature on Guam, and was even found to be more prevalent 

during cooler months (Green et al. 2021).  

 

 

A multitude of taxa are affected by white syndrome, but fast-growing and branching 

genera are particularly vulnerable (Willis et al. 2004). Broad patterns of differential susceptibility 

across coral families have been attributed to differing levels of investment in immune 

parameters, demonstrating a potential phylogenetic basis for coral resilience (Palmer et al. 2010). 

One previous study has shown that branching P. cylindrica accumulates more white syndrome 

lesions per colony than massive Porites spp. (Lozada-Misa et al. 2015). However, P. cylindrica 

lesions were overall much smaller and had a faster healing rate when compared to lesions 

affecting massive Porites colonies. Coral colony size and age have also been determined to 

factor into disease risk, with larger and older colonies having greater susceptibility to disease 

infection due to the relationship between surface area and susceptibility, paired with a reduced 

immune function in older corals (Greene et al. 2019). On Guam, coral host abundance has a 

Figure 2. A white syndrome lesion affecting the same branch of a yellow P. cylindrica. The 
same lesion is shown progressing between 6/16/22 (left) and 6/29/22 (middle) and recovering by 
8/4/22 (right).   
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significant link with total disease prevalence, as Porites spp. are the most affected by disease 

states, while acroporids and pocilloporids also show high susceptibility (Myers and Raymundo 

2009). These results could be in part due to larger colony sizes associated with some Poritids (i.e. 

massive Porites), correlating with more exposure risk over time and increased susceptibility to 

injury or pathogen attack with age or time (Greene et al. 2019).   

In the study conducted by Lozada-Miza et al. (2015), white syndrome lesions in different 

Porites species were also observed to heal at different rates. Massive and branching Porites 

species displayed different disease dynamics, massive morphologies having larger, more 

variable, and persistent lesions in comparison with branching morphologies, demonstrating that 

coral morphology is an important metric of susceptibility. Even within the same species, 

phenotypic variation can affect disease resistance among corals. M. capitata colonies differ in 

disease resistance, which is driven by both color morph and endosymbiont community clade 

(Shore-Maggio et al. 2017). While potential differences in disease dynamics have not been 

studied among color morphs of P. cylindrica, low levels of Vibrio bacteria are known to occur in 

healthy colonies of both morphs in similar levels (Lock et al. 2023 in prep, and McDermott et al. 

in prep), suggesting that the development of Porites white syndrome may be a manifestation of 

stress and consequential dysbiosis. The growing body of evidence supports the idea that 

intraspecific variations are critical variables in the characterization of disease dynamics (Muller 

et al. 2018).  These findings emphasize the need to consider not only interspecific differences, 

but also the phenotypic differences within a species when studying the effects of disease on coral 

reef communities.  
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2.3.2  Coral bleaching and biological trade-offs 

The close association between reef-building corals and symbiotic algae facilitates nutrient 

cycling, resulting in the high productivity of reefs (Muscatine and Porter 1977). The symbiotic 

relationship with photosynthetic dinoflagellates is critical to coral function as symbionts provide 

significant nutrition via photosynthate translocation (Muscatine 1990). Malfunction of the 

symbiosis can result in bleaching, where photosymbionts are expelled from the coral host, 

leaving bleached corals nutrient deficient (Hoegh-Guldberg and Smith 1989). Bleached corals 

that survive have reduced tissue regeneration capacity (Meesters and Bak 1993), decreased 

calcification (McNeil et al. 2004), and are more susceptible to diseases (Brandt and McManus 

2009, Miller et al. 2009). Because bleached corals are in such a vulnerable state, they are at a 

greater risk of mortality if not repopulated by algal symbionts in a timely manner. Therefore, 

assessing coral symbiont community characteristics is imperative when conducting studies on 

resilience and stress response. 

Among symbiont community characteristics, chlorophyll content has been shown to be a 

reliable indicator of physiological stress induced by temperature changes (Glynn-D’Croz, 1990; 

Jones, 1997 a,b). Chlorophyll a concentration of unicellular algae, such as Symbiodinium, is an 

indicator of nutrient status (Rees, 1991) and has been known to have an inverse relationship with 

symbiont densities (Le Tissier and Brown, 1996). As symbiont density lowers, chlorophyll 

concentration increases per symbiont, most likely due to a higher availability of nutrients through 

decreased competition between Symbiodinium (Hoegh-Guldberg and Smith 1989b; Jones, 1997). 

Chlorophyll concentration as well as symbiont density both contribute to chlorophyll density 

(chlorophyll a + c₂ per unit of surface area). Because chlorophyll density is proportional to coral 

color, color measurements of coral tissue can be used as an indicator of environmental stress 
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(Winters et al. 2009). The development of inexpensive photographic methods that can 

successfully estimate chlorophyll density through mathematical normalization of coral color to a 

reference scale has revolutionized the quantification of coral bleaching.  

Both diurnal and seasonal sea surface temperature (SST) fluctuations are generally 

smaller in the tropics than in higher latitudes, and evidence suggests that mean SSTs in tropical 

regions have varied by less than 2°C over the past 18,000 years (Thunnell et al. 1994). However, 

due to anthropogenically enhanced concentrations of atmospheric greenhouse gasses, mean SSTs 

are currently increasing at a rate of ~2-3°C per century in tropical oceans (Hoegh-Guldberg 

1999, Winter et al. 1998). Recent upward trends in SSTs have been correlated with increased 

frequency and severity of mass coral bleaching events (Hoegh-Guldberg 1999). On Guam, the 

first recorded island-wide bleaching event was documented in 1994 by Paulay and Benayahu 

(1999), which resulted in little mortality. More recently, elevated SSTs have induced severe 

island-side bleaching events in 2013, 2014, 2016, and 2017, causing a significant decline in coral 

cover (Raymundo et al. 2019). Further mortality was caused by subaerial exposure on shallow 

reef flats during a major ENSO event beginning in 2014 and extending through 2015, and 

disease outbreaks in 2016 and 2017. Overall, live coral cover declined by 37% on shallow reef 

flat zones and 34% at shallow seaward slope sites between 2013 and 2017 as a result of elevated 

SST induced bleaching events on Guam (Raymundo et al. 2019). (Raymundo et al. 2019). 

Previous work has shown that less disturbed sites with infrequent extreme warm temperature 

stresses can be associated with higher populations of sensitive Acropora corals while more 

disturbed sites with more frequent acute heat stress events are usually dominated by stress-

resistant Porites (McClanahan et al. 2020).  



 18 

However, while there is variability in thermotolerance present among these two dominant 

taxa, intraspecific variability is also an important component to consider when comprehending 

changes in coral assemblages. Less is known about the phenotypic differences within a coral 

species that correlate with and potentially drive intraspecific differences in bleaching 

susceptibility. The importance of a coral’s genotype in its resistance to thermal stress has been 

recognized for some time (Edmunds 1994, Fitt et al. 2009). Bleached coral colonies can directly 

neighbor colonies of the same species that do not exhibit bleaching (Edmunds 1994, Ritson-

Williams, and Gates, 2020). Responses to heat stress have so far been unstudied in color morphs 

of P. cylindrica. However, color morphs of P. cylindrica on Guam are known to have highly 

similar symbiont communities, both dominated by Cladocopium C15 Symbiodiniaceae (Lock et 

al. 2023). Coral species harboring Symbiodiniaceae C15 have been shown to exhibit higher heat 

resistance in comparison to corals harboring other Symbiodinium species, which has been 

determined through the comparison of photosystem II efficiencies (Fitt et al. 2009). However, 

bleaching resistance is not solely driven by symbiont communities and has been observed to be 

highly correlated with characteristics of the host as well. A comparative study on P. cylindrica 

and S. pistillata found P. cylindrica to be more resistant to thermal stress not only because 

colonies harbored heat resistant C15 Symbiodinium, but because critical proteins, such as heat-

stress protein 70 and superoxide dismutase, were present in significantly higher concentrations in 

ambient conditions prior to the application of heat stress (Fitt et al. 2009). While this 

combination provides P. cylindrica with greater protection during bleaching events, little is 

known about potential variation in bleaching resistance and/or resilience in P. cylindrica color 

morphs on Guam.  
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Variations in color morphology and symbiont community assemblages can be correlated 

and are often associated with trade-offs among various life history traits. Photodamage to algal 

symbionts exposed to thermal stress can lead to bleaching and is a major cause of coral reef 

decline (Hughes et al. 2017). Heat stress inhibits photosystem II repair mechanisms of algal 

symbionts (Takahashi et al. 2009) resulting in lower photoinhibition (Jones et al. 1998, Warner 

et al. 1999) and the production of reactive oxygen species that damage cellular components 

(Lesser 2006). Consequently, corals have evolved photoprotective pigments to reduce stress to 

symbionts (Salih et al. 2000). Host pigmentation is determined by the sequence of proteins 

within the host tissue that are homologous to the green fluorescent protein (GFP) from the 

luminescent jellyfish, Aequorea victoria (Matz et al. 1999, Lukyanov et al. 2000). GFP-like 

proteins can be divided into two major groups based on optical properties: fluorescent proteins 

(FPs) that produce cyan, green, yellow, and red hues (Alieva et al. 2008) and the non-fluorescent 

chromoproteins (CPs) that are responsible for pink, purple and blue pigmentation (Dove et al. 

2001, Labas et al. 2002, D’angelo et al. 2008). Preliminary studies have suggested that protein 

pigments in shallow water corals can exert a photoprotective functioning by screening algal 

symbionts from intense solar radiation (Kawaguti 1944, Salih et al. 1998), while protein 

pigments in low light habitats optimize light availability for photosynthesis of the symbionts 

(Schlichter et al. 1985, 1994; Salih et al. 2000; Dove et al. 2001, 2004).  

Previous investigations have suggested that both coral color morphology and depth can 

affect endosymbiont community assemblages in corals and associated trade-offs in life history 

traits. Differences in symbiont clade distribution among color morphs of Madracis pharensis 

have been observed in one study, with endosymbiont genus Breviolum 15 occurring 

predominantly at deeper reef sites and in green and purple colonies while genus Breviolum 7 
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occurs more often in brown colonies at shallow depths (Frade et al. 2008). In Hawaii, different 

endosymbiont clades have been observed within different M. capitata color morphs and correlate 

with trade-offs in stress responses. Red morphs are associated with endosymbionts in the 

Cladocopium genus and have been observed to be resistant to disease but have a higher 

bleaching susceptibility, while orange morphs are associated with clade D Symbiodinium and are 

more resistant to bleaching but have higher disease susceptibility (Shore-Maggio et al, 2017). 

Variations in growth rate have also been observed in the different color morphs of M. capitata, 

with faster growth rates occurring in Cladocopium-harboring red morphs than in Durusdinium-

harboring orange morphs at ambient temperature (Shore-Maggio et al. 2017). In Palau, colonies 

of Acropora hyacinthus with lower symbiont densities tended to be more bleaching resistant but 

had lower growth rates, while the opposite occurred in colonies with higher symbiont densities 

(Cornwell et al. 2021). Additionally, trade-offs associated with growth rate have been linked to 

differing levels of FP expression among color morphs of Hydnophora grandis, with high FP- 

expressing color morphs showing higher growth rates under bright light conditions, highlighting 

the photoprotective function of FPs (Quick et al. 2018).  

 

 
3. Objectives and Hypotheses 

The purpose of this study is to examine whether the two distinct color morphs within P. 

cylindrica correlates with differences in both resistance and resilience from environmental stress. 

In this study, the term “resistance” refers to the ability of individual colonies to not be impacted 

by environmental stress or to survive after being exposed to stressful conditions while the term 

“resilience” refers to the ability of individual colonies to return to a previous state of balance and 

stability after being exposed to stressful conditions. Currently, not much is known about the 
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relative abundances of each of the two color morphologies of P. cylindrica on Guam, despite the 

species being a major contributor to much of the complex shallow reef flat structure around the 

island. Previous studies have shown that phenotypic variation can lead to differences in disease 

susceptibility (Lozada-Misa et al. 2015, Greene et al. 2019), competitive ability (Rinkevich and 

Loya 1982), and thermal tolerance (Edmunds 1994, Fitt et al. 2009), and could lead to 

intraspecific differences and potential trade-offs in both resistance and resilience to 

environmental disturbances (Shore-Maggio et al. 2017).  

When predicting the fate of an ecosystem in an era of rapid climate change, it is 

important to consider how intraspecific variations may influence population dynamics in an 

increasingly stressful environment (Fig. 3). This study will utilize both field surveys and 

laboratory experiments to quantifying physiological responses to thermal stress and pathogenic 

disease as well as biological life history traits such as symbiont community composition, and 

competitive ability as a way to determine the resilience of each color morph. Results of 

experimental assays can be used to better understand differences in relative population 

abundances and disease and bleaching prevalence of each color morph of P. cylindrica, and can 

be used to help predict future community structure of coral reefs on Guam. Specifically, I will 

test the following hypotheses: 

 

1. H0: Color morphs will not differ in their relative abundances on Guam.  

Ha: Color morphs will differ in their relative abundances on Guam.  

2. H0: Color morphs will not differ in competitive ability. 

Ha: Color morphs will differ in competitive ability.  

3. H0: Color morphs will be equally susceptible to pathogenic disease. 
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Ha: Color morphs will differ in susceptibility to pathogenic disease. 

4. H0: Symbiont densities will vary between color morphs when exposed to heat stress. 

Ha: Symbiont densities will not vary between color morphs when exposed to heat stress.  

5. H0: Color morphs will be equally susceptible to heat stress. 

Ha: Color morphs will differ in susceptibility to heat stress. 

  
 
 

 

 

 

 

Figure 3. Schematic showing linkages between traits examined in this study. The various life history 
traits of P. cylindrica that have influenced existing population abundances and the biological strategies 
that will influence future population abundances in an era of rapidly changing climate.  
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4. Materials and Methods 

4.1 In situ surveys to characterize relative abundances, disease prevalence, and competitive 

dynamics 

Surveys were conducted at three reef flats (Luminao, Piti East, and Tumon) along the 

western coast of Guam, which were chosen for their high abundance of P. cylindrica (Fig. 4). 

The objective of these surveys was to look for in situ differences between color morphs in: 1) 

relative prevalence; 2) competitive interactions; and 3) white syndrome severity and prevalence. 

Corals were surveyed using four 20 x 2 m belt transects laid parallel to shore at two depths (reef 

flats: 1-3 m, forereefs: 3-5 m). Snorkeler pairs each read a 20 x 1 m belt along opposite sides of 

the transect, so that the total area surveyed was 160 m²/transect. Sites were surveyed during 

October and November 2021 and in May of 2022. Relative Abundance of each morph was 

calculated per site as the number of colonies per color morph/total number of P. cylindrica 

colonies. The relative abundances of each color morph were then compared statistically using 

RStudio (Version 2023.06.0+421 (RStudio Team, 2023) ). Because data were highly 

heteroscedastic, a Kruskal-Wallis test (Kruskal and Wallis 1952) was used to compare the 

prevalence of each color morph. A Pearson chi-square test was also used to compare raw 

abundances of each morph per site.  
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White syndrome was chosen to examine, as it is the most prevalent of all coral diseases 

present on Guam and within the genus Porites (Myers and Raymundo 2009). Disease severity 

was semi-quantitatively assessed along transects as the percent of colony affected and scored 

from 0-6, where 0 = 0%; 1 = 1-10%; 2 = 11-25%; 3 = 26-50%; 4 = 51-75%; 5 = 76-99%; 6 = 

100%. Colonies were measured using a ruler and binned into size classes, however, a linear 

regression model determined that size did not factor significantly into severity or prevalence, so 

it was not included during analysis. White syndrome severity was statistically compared between 

morphs in RStudio (Version 2023.06.0+421 (RStudio Team, 2023)) using a combination of a 

Kruskall-Wallis testing and Pearson X2 (Pearson 1900). Kruskall-Wallis was used to compare all 

Figure 4.  Map of Guam. The location of survey sites, Luminao, Piti East, and Tumon, for 
the quantification of relative abundances, disease prevalence and severity, and competitive 
interactions and responses of each color morph of P. cylindrica. 
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disease prevalence measurements recorded per color morph across each transect per site while 

Pearson X2 tested the frequency each disease severity bin occurred per each color morph overall.  

White syndrome prevalence was quantified using the following formula:  total number 

colonies of color morph exhibiting white syndrome) / (total number colonies of color morph 

counted) * 100 and calculated per transect. Transects were then averaged for each site, for an 

overall site white syndrome prevalence and standard deviations were calculated for prevalence of 

each color morph per transect and similarly averaged for each color morph per site. Analysis of 

white syndrome prevalence was completed in RStudio (Version 2023.06.0+421 (RStudio Team, 

2023)) using a combination of Kruskall-Wallis tests to compare the differences between color 

morph and site on prevalence. Pearson X2 tests  were then used to compare raw abundances of 

each color morph exhibiting white syndrome at each site.  

Competitive interactions were assessed between neighboring colonies at Luminao and 

Piti East. Both intraspecific and interspecific competitive interactions were recorded and 

categorized as “overgrowing,” “overgrown,” “fusion,” “standoff”. Colonies were classified as 

“overgrowing” when tissue from one colony directly overtopped tissue from an adjacent colony. 

Colonies that were “overgrown” exhibited tissue that was being overtopped by a separate colony. 

When neighboring colonies exhibited physical contact points where there was no border 

distinguishing the tissue from the separate colonies, they exhibited a “fusion” interaction. The 

formation of a border line between the tissue of two separate competing colonies in direct 

contact with each other was classified as a “standoff” interaction. The total number of each 

interaction type was recorded for each colony observed as present/absent. Interactions were 

grouped into classes “Competition”, “Fusion”, and “Standoff” for analysis. Pearson X2 tests were 

then used to compare the frequency each interaction occurred between different interaction pairs 
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(yellow-yellow, yellow-brown, brown-brown) within each class. Significance was determined at 

<0.05.  

 

4.2 Competition assay 

 

To further quantify competitive differences between the two color morphs, a competition 

assay was carried out in a seawater flow-through system at the University of Guam Marine Lab 

in Mangilao, Guam. Two colonies of each P. cylindrica color morph, two brown (N=2) and two 

yellow (N=2), were collected from Luminao reef flat (13.464’N and 144.644’E) at the same 

depths and reef zones as competition surveys and each colony was separated into 15 individual 

fragments. Colonies were sampled that were a minimum of 10 m apart, to minimize the 

probability that they were clonal. In total, 60 fragments were prepared and arranged into three 

different interaction treatments: 1/ intra-colony, same color morph; 2/ inter-colony, same color 

morph; 3/ inter-colony, different color morph (Fig. 5). Fragments were then affixed on separate 

tiles and positioned in direct contact with their experimental pair, and randomized within a water 

table, spaced ≥4 in apart to avoid potential responses elicited by neighboring fragments. Tank 

maintenance was carried out on a weekly basis and included the removal of algae and predatory 

nudibranchs.  
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Tissue-tissue contact points were monitored photographically on a weekly basis until 

definitive interactions were observed at 8 wk. A more diverse assortment of interactions was 

observed in fragments that were observed on a consistent weekly basis over time, in comparison 

to field survey results. Interactions observed between pairs were scored as fusion, tissue 

overgrowth by one fragment over the other, or stand-off. An interaction was defined as a stand-

off when neither fragment was overgrowing or receding and neither showed signs of tissue 

damage along the contact margin. Additional responses were observed during ex situ 

experimentation, which included tissue paling, polyp extrusion/retraction, tissue mortality at the 

contact points, and algal overgrowth. Interactions were determined from visual inspection using 

a Bausch and Lomb® magnifying lens and documented photographically weekly using an 

Figure 5. Design schematic for competition assay. Ten pairwise combinations of Y (yellow) B (brown) 
1 or 2, and N=3 replicates of each pairing. 
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Olympus Tough TG-5. “Winners” and “losers” of interacting pairs were determined through the 

visual assessment of photographed contact points. “Losing” coral fragments experienced tissue 

paling, polyp retraction, tissue mortality at the contact point, and/or overgrowth by their 

fragment pair. “Winning” fragments were determined by a lack of impacts to healthy tissue and 

were overgrowing their fragment pair along the contact margin. In cases of fusion or stand-off, 

there was no definitive winner or loser. Interactions of the color morphs were then compared 

statistically using Pearson X2 tests  in RStudio (RStudio Team, 2023) to assess significant 

differences in competitive abilities, where significance is <0.05.  

  
 

4.3 Resistance and resilience to heat stress 
 
To address potential differences in coral bleaching resistance and resilience in P. 

cylindrica color morphs, a controlled heat stress assay was conducted at the University of Guam 

Marine Lab from March 10 until April 15, 2022. Twenty donor colonies of P. cylindrica were 

collected (n=10 brown colonies and n=10 yellow colonies) at the same depths and reef zone at 

the Luminao reef flat as bleaching surveys. Six tanks were utilized and kept at three different 

temperatures: ~30 ˚C (ambient), 32˚C, and 34 ˚C, with two replicates per temperature (Fig. 6). 

Each of the twenty donor colonies were separated into six fragments which were then distributed 

between the six individually heated tanks, so that there were 10 genetically distinct fragments of 

each color morphs, randomly distributed per tank (Fig. 6). Tanks were heated gradually by ~0.5-

1˚C per day over one week. Once signs of bleaching were detected, heaters were shut off to 

allow a return to ambient temperature for the recovery of fragments. Tank conditions were 

maintained consistently and included the regular filtering of sea water to 25 µm, bi-weekly water 
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changes, consistent water motion for homogenous temperature throughout each tank, removal of 

algae, and temperature adjustments as needed.  

 
  

Tissue samples were collected from fragments in all treatments to determine symbiont 

density at the start of the experiment, post-bleaching, and post-recovery. Samples were analyzed 

using flow cytometry following the protocol outlined in the DNeasy Power Kit handbook 

(Qiagen, 2021) to measure symbiont densities between color morphs and treatments over time. 

Following collection, each sample was temporarily stored at -80°C until processing and analysis 

of symbiont densities within P. cylindrica color morphs could be conducted. To prepare samples 

Figure 6. Bleaching assay experimental design. Three treatments were utilized with 10 
fragments of each color morph per treatment. Each bin was heated separately and then 
temperature was maintained until symptoms of bleaching were evident among fragments, at 
which point heaters were shut off and all tanks returned to ambient temperature.  
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for flow cytometry, coral tissue was removed using an airbrush compressor containing 0.2 µm 

filtered sea water, and homogenized. The resulting homogenate was blended using a bead beater 

for 2 sec and then centrifuged for 4 min at 5000 rpm. The supernatant containing coral tissue was 

discarded and the pellet resuspended in filtered seawater and repeatedly pelleted and washed 

until the symbiont cells were free of residual host material. The symbiont suspensions were then 

analyzed using a flow cytometer with a 15 mW argon ion laser, providing excitation at 488 nm.  

Photometric data were collected on a bi-weekly basis using an Olympus Tough TG-6 to 

document visual signs of heat stress such as changes in pigmentation, and the return of 

pigmentation post-heat stress. Pigmentation changes of each fragment were photographed 

alongside a Kodak© gray scale specialized for both color morphs of P. cylindrica, which was 

done using a custom-made macro in MATLAB, to detect relative color changes associated with 

heat stress (Loreto, 2022 in prep). Photos were taken submersed in water in ambient light 

conditions, in the same tank and location each time. The photos were processed using ImageJ© 

software (v. 1.53k) and normalized through color correction analysis following the procedure 

outlined in the UOG Marine Lab Color Photos Protocol (Loreto, 2022 in prep), which utilized 

the specialized Kodak© gray scales that fragments were photographed with. Following 

normalization, pigmentation measurements of each fragment were then analyzed statistically. 

To determine whether heat stress-related pigmentation change differed between color 

morphs, fragment color measurements were analyzed statistically in RStudio (Version 

2023.06.0+421 (RStudio Team, 2023)) using a fixed linear mixed model with random effects to 

accommodate repeated measurements. A fixed linear mixed model with random effects was also 

performed on symbiont cell density data to test for differences between color morphs between 

temperature treatments and time using the lme4 package (Bates et al. 2015) and the Stargazer 
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package (Hlavac 2022) was used to view model outputs. Data were transformed, prior to testing, 

to meet assumptions of normality and equal variances, although data remained heteroscedastic 

post transformation. 

4.4 White syndrome dynamics  

To monitor lesion behavior in situ on the two color morphs, 10 colonies of brown and 

yellow P. cylindrica morphs haphazardly selected 10 colonies of brown and yellow P. cylindrica 

morphs in Luminao reef flat. Colonies selected were located at least 10 m apart at 1.5 m to 2 m 

depth and exhibited active white syndrome lesions. Three white syndrome lesions were tagged 

per colony and photographed bi-weekly from May 26, 2022, to August 4, 2022, using a Canon 

TG-6. Lesion size was digitally measured from macro-photographs, using Image J© software (v. 

1.53k). Lesion status was described each month as one of the following transition states: 

progressing (acute tissue loss), recovering (tissue resheeting), or in stasis (neither tissue loss nor 

regrowth along the affected margin).  Daily transition rates were calculated as the change in 

lesion size (cm²) / the number of days between census dates. Lesions were marked as progressing 

if the rate of tissue loss was greater than 0.1 and lesions were marked as recovery if the rate of 

tissue loss was less than -0.1, while lesions were marked as in stasis if the rate of tissue loss was 

greater than -0.1 but less than 0.1. 

To compare the frequency that each transition rate was recorded for each color morph, 

transition rates from all tagged lesions for every date of data collection were pooled. Transition 

rate data could not be transformed to meet assumptions of normality and so non-parametric tests 

were utilized during statistical analysis. Central tendency of the overall distributions of transition 

rates were compared between color morphs in RStudio using a Kruskall-Wallis test, while 

variance was compared using an F-Test. Transition rates were then categorized by lesion status: 
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progressing, stasis, and recovering, and Kruskall-Wallis was employed again to compare the 

frequency of different transition states per color morph. Additional Pearson X2 tests  were used 

to compare the proportion of each transition state per color morph, where significance is <0.05.  

To analyze lesion dynamics as a function of coral color morphotype, lesions were binned 

into four size classes based on naturally occurring breaks in the data set (A = 0.01-10.9 cm², B = 

11-19.9 cm², C = 20-39.9 cm², D = 40-210 cm²). Because data were missing for some lesions 

during May and July sampling dates, May and July data were omitted for this particular analysis. 

Transition rates of lesions were analyzed for data collected on June 16, 29, and August 4, and 

therefor there were two transitions from one time point to the next. Possible transitions included 

progression to a larger size class, recovering to a smaller size class, or staying with in the same 

size class (stasis). The probability of each lesion transitioning from one size class to the next was 

calculated per color morph as:  number of lesions per size class experiencing each transition state 

/  total number of lesions within that size class. A Markov Chain of probabilities was constructed 

and used to visually portray these transitions (Grinstead and Snell 1997; Jackson et al. 2003). 

Pearson X2 tests were used to compare the proportions of transient rates between size classes of 

lesions within each color morph as well as the proportion of lesions binned into each size class 

per color morph, where significance is <0.05.  

 
 
 
5. Results 

5.1 In situ abundance surveys 

 
In situ surveys revealed notable variation in relative abundance between color morphs of P. 

cylindrica. Yellow morphs of P. cylindrica displayed considerably higher abundance than brown 
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morphs at Luminao and Tumon. However, at Piti East, morphs were similarly abundant, 

although there were almost significantly more brown morphs (Fig.7). A Kruskall-Wallis test 

across all three sites determined that yellow is overall significantly more abundant than brown (H 

= 7.31, p < 0.01). Further analysis comparing abundances of each morph per site using Pearson 

X2 tests revealed that yellow was significantly more abundant than brown at Luminao and 

Tumon., but not at Piti E. (Table. 1). 

 

 

  

 

 

 

 

 

 

 

 

Table 1. The abundances of each morph per site. Results of Pearson X2 tests are shown 
using X² and p values. 

Figure 7. In situ abundance survey results. Total abundance of each color morph 
per site with abundance being measured as the number of morphs/total colonies. Boxes 
represent the interquartile range (IQR), which contains the middle 50% of the data, while the 
line inside each box denotes the median of each data set. Whiskers extend to 1.5 times the 
IQR.  
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5.2 Competition dynamics between morphs 

5.2.1 In situ surveys 

Surveys to document in situ competitive interactions at Luminao and Piti E. revealed 

significantly distinct patterns in competitive responses between P. cylindrica color morphs. 

Among the 284 recorded interactions, the most frequent competitive interaction recorded was 

yellow morphs overgrowing brown, which occurred in 39.8% of all interactions. This was 

followed by brown overgrowing yellow which occurred in 29.2% of all interactions, and yellow-

brown stand-offs which occurred 22.2% of all interactions across all transect surveys (Fig. 8a). 

Yellow morphs were significantly more competitively dominant than brown morphs, when 

testing frequencies of only competition interactions (X² = 4.59; p = 0.03). 

 

Figure 8. In situ competition survey results. (A) The frequency each pairwise interaction occurred with interaction 
types being categorized as either "competition," "stand-off," or "fusion." In the legend, “>” indicating “overgrowing” 
while “/” indicates stand off, and “-” indicates fusion; (B) The occurrence of each pairwise interaction represented as a 
frequency and a cumulative percentage where “OG” is overgrowth and “SO” is stand-off. 
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While fusion interactions were rare, yellow-brown fusion was the most common of fusion 

interactions recorded, when testing only frequencies each fusion interaction between yellow and 

brown colonies occurred (X² = 4.04; p = 0.13). Stand-offs also occurred significantly more 

frequently between yellow and brown colonies (Fig. 8), in comparison to stand-offs between 

yellow colonies and between brown colonies (X2 = 24.4, p < 0.001). 

 

5.2.2 Competition assay 

The laboratory assay results, which further examined competitive dynamics between P. 

cylindrica color morphs, closely paralleled results obtained from in situ competition surveys. Out 

of the 12 yellow-brown pairs, yellow was observed overgrowing brown a total of 5 times (42% 

of Y-B interactions), by Week 8. In contrast, no instances were observed where brown fragments 

overgrew yellow fragments. This was the only significant competitive interaction among all 

brown-yellow pairs (X² = 10.5; p = 0.01) (Table 2b). However, yellow fragments often became 

overgrown with algae, even while successfully overgrowing their paired fragment (Table 2.a, b.). 

Yellow-brown pairs were observed competitively interacting as early as Week 3, where tissue 

along the contact margin was observed noticeably inflamed and “puffy” in appearance. Two 

accounts of yellow overgrowing brown occurred during Week 3, and while yellow tissue was 

observed receding and then spreading along the contact margin of these pairs during the weeks 

following, yellow morphs were observed to definitively “win” the interaction by Week 8. 

Among brown fragments in yellow-brown pairs, tissue paling and polyp retraction along the 

contact margin were common stress responses associated with being overgrown. 

Fusion among brown pairs was first recorded in all six clonal brown pairs and in two 

non-clonal brown pairs during Week 3, so that boundaries separating any two connected brown 
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fragments were no longer detectable by Week 8. Both fragments deposited coenosteal tissue, 

which filled in gaps between both fragments so that neither fragment was distinguishable from 

each other, with very little visual evidence of distress. All 6 clonal brown fragments remained 

fused as well as the 2 non-clonal fragments for the remainder of the experiment. By Week 7, all 

9 brown pairs had fused together. All brown pairs survived and were visually healthy by the end 

of the experiment. In comparison, only 42% of yellow-yellow pairs fused, which constituted 4 

clonal pairs and 0 non-clonal pairs, as 2 clonal pair failed to fuse. Among yellow pairs, two non-

clonal fragments were recorded fusing together during Week 3, but gradually unfused and 

remained separate through Week 7. One non-clonal yellow fused pair suffered total mortality and 

was overgrown by algae.  

 

 

 

 

 

 

 

 

 

 

A. 

Table 2. Interaction and response frequencies. (A) The frequency each interaction and response were recorded 
among all interacting pairs. (B) The frequency each interaction and stress response were recorded as a percentage of 
interacting pairs. Interactions are classified as occurring between two fragments, like “Overgrowing,” Overgrown,” 
or “Fusion,” while responses are classified as an observable physical reaction, such as “Algal Overgrowth,” “Tissue 
Mortality,” “Paling,” or “Polyps Extended.” 
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With mixed-morph pairs, one yellow-brown pair fused together from Week 6 to 8; 

however, the yellow fragment in this pair eventually displayed tissue mortality as well as algal 

overgrowth. Fusion was also observed in a yellow-brown pair, although in a transient pattern. By 

Week 2 the yellow-brown pair was observed fusing, but notable gaps were observed between 

fragments during Week 4. However, the following week the same yellow-brown pair was 

observed to fuse again, where it remained until week 8, where notable gaps were again observed. 

However, in the week following data collection and the end of the experiment, the same yellow-

brown pair was observed fusing again, although accompanied by a large amount of algal 

overgrowth.  It is also noteworthy to include that no stand-off interactions were observed among 

all interacting pairs. 

Tissue paling was the first stress response recorded among fragments, which occurred 

during Week 1 in all pairs but one clonal brown pair. Tissue mortality was recorded in a non- 

clonal yellow pair as well as a yellow-brown pair for the first-time during Week 2. Among same 

color pairings, tissue mortality occurred in 33% of yellow pairs which consisted of only non-

clonal, in contrast to 0% of brown pairs. However, among yellow-brown pairs, both tissue 

mortality and paling occurred more often in brown fragments than in yellow, which could have 

manifested as a symptom of stress in response to being outcompeted (Table 1). Algal overgrowth 

first appeared during Week 7, affecting a yellow-brown pair and a non-clonal yellow pair, and 

spread during the week following. By Week 8, one non clonal and two clonal yellow pairs and 

six yellow-brown pairs were overgrown with algae, indicating the end of the experiment. 

Notably, no brown-brown pairs were affected by algal overgrowth and fewer brown fragments 

were overgrown than yellow fragments among yellow-brown pairs. 
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5.3 Resistance and resilience to heat stress 
 

After the coral photos were normalized using the kodak gray scale as described in the 

methods, a linear mixed model with random effects was employed to examine the relationship 

between temperature, time, color morph, and pigmentation. The model was applied to a dataset 

comprising 537 observations, grouped by individual IDs.  Color morph, as an individual factor of 

color pigmentation, was found to be significant (T = 6.4, p < 0.01) across all dates and 

treatments. Dates 3/21 (T = -5.4, p < 0.01), 3/24 (T = -6.4, p < 0.01), and 4/1 (T = 4.4, p < 0.01) 

all had highly significant impacts on color pigmentation of both morphs across all treatments. A 

faster recovery of brown morphs was observed in the photo data (Fig 9), which showed that the 

surviving brown morphs in the 32°C tanks were significantly more pigmented by April 10 (T = -

0.88, p < 0.01), and continued to recover in pigmentation until the experiment ended (Fig. 9). 

Yellow fragments in the 34℃ tanks were significantly paler than brown fragments at 3/21 (T = 

0.44, p < 0.05) and 3/24 (T = 0.397, p < 0.05), until April 5 when 100% die off occurred.  

  

 

 

Figure 9. The intensity of color pigment of brown and yellow P. Cylindrica color 
morphs over time. Color pigment is darkest at lower values and lightest at highest 
values, indicative of bleaching.  
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Survivorship rates between color morphs were the same at both the middle and end time 

points among the surviving fragments in the 30℃ and 32℃ tanks. Specifically, 17 fragments of 

both color morphs survived in the 32℃ tanks by April 5, and both fragment populations 

decreased to only 4 survivors by the end of the experiment. All fragments of both color morphs 

were alive in the 30℃ tanks by April 5, and by April 15 both color morphs had only experienced 

1 net loss. Overall, survivorship was not significantly different between color morphs. However, 

both color morphs in 34℃ tanks darkened in color before mortality, similar to fragments in the 

30℃ control tank which became darker prior to bleaching on March 24 (Fig. 9). This perceived 

Figure 10. Cell densities of both color morphs exposed to different temperature treatments over time.  Cell 
densities of both color morphs across all temperature treatments and time points measured as cells/cm2. The boxes 
represent the interquartile range (IQR), which contains the middle 50% of the data, while the line inside each box 
denotes the median of each data set. Whiskers extend to 1.5 times the IQR.  
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increase in pigmentation may be a result of algal overgrowth accumulating on stressed 

fragments. 

A linear mixed model with random effects was employed to examine the relationship 

between temperature, time, color morph, and symbiont cell densities. The model was applied to a 

dataset comprising 238 observations, grouped by individual IDs. At the start of the heat stress 

assay, all corals contained similar symbiont densities, and there were no significant differences 

between color morphs (Fig. 10). Among fragments exposed to 32℃, brown morph symbiont 

densities recovered significantly faster than yellow morph symbiont densities (T = -3.35, p < 

0.01). Temperature (F = 22.97, p < 0.01) and Date (F = 56.2, p < 0.01) had highly significant 

impacts on the symbiont cell densities of both morphs across all treatments and time points. 

Color morph, as an individual factor of symbiont cell density, was not significant on its own (F = 

0.53, p > 0.1). The interaction between Date and Temperature 32℃ had a significant negative 

effect on cell abundance (T = -7.06, p < 0.01), specifically during the bleaching phase. 

Conversely, the interaction between Date and Temperature 32℃ had a significant positive 

impact on cell densities during the recovery phase (T = 0.7, p < 0.01). Symbiont cell densities 

stayed consistently stable among fragments in the 30℃ control tanks (Fig. 10).   

 
 

5.4 White syndrome dynamics 
 

5.4.1 In situ white syndrome prevalence and severity 
 

Color morphs also exhibited variations in the severity and prevalence of white syndrome 

across different sites (Fig. 11a., b.). The prevalence of white syndrome was overall higher in 

yellow morphs (44%) than in brown morphs (29%), averaged across all three sites (Fig. 11a), but 

most notably in Piti East, although there were no significant differences between color morphs 
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(Kruskal-Wallis H = 0.26, p > 0.1). While color morphs did not significantly differ in disease 

prevalence (Kruskal-Wallis H = 2.77, p > 0.05), the prevalence of disease was significantly 

different between sites (Kruskal-Wallis H = 17.5, p < 0.001). White syndrome prevalence was 

the highest at Luminao, and the lowest at Tumon (Fig. 11a).  

 

 

 

 

 

 

 

 

 

White syndrome severity ranged from 0% - 75% across color morphs and sites (Fig. 11b), 

with the majority of colonies visually unaffected by disease. At Luminao, both color morphs 

displayed similar median severities, whereas in Tumon barely any white syndrome was 

observed, thus severity was 0 (Fig. 11b). However, at Piti E., yellow morphs exhibited 

significantly higher white syndrome severity than brown morphs (Kruskal-Wallis H - 14.4, p < 

0.001). Comparison of disease severity between brown and yellow morphs across all sites 

Figure 11. In situ disease survey results. (A) Prevalence of white syndrome on both color morphs per site where 
prevalence was quantified as the number of colonies affected/total colonies; (B) Disease severity on both color 
morphs per site where severity is measured as percent of colony affected (0 = 0%, 1 = 1-10%, 2 = 11-25%, 3 = 26-
50%, 4 = 51-75%, 5 = 76-99%, 6= 100%). Boxes represent the interquartile range (IQR), which contains the middle 
50% of the data, while the line inside each box denotes the median of each data set. Whiskers extend to 1.5 times 
the IQR.  

A. B. 
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showed that while the majority of all colonies had a disease severity of 0% (74.5%), significantly 

more yellow colonies had white syndrome severities of 0% (X2 = 78.4, p < 0.001) in comparison 

to brown colonies. The second most frequented severity class among colonies was 1 (18.8%), 

with yellow colonies frequenting this disease severity class significantly more than brown 

colonies (X2= 21.7, p < 0.001). No significant differences were found among color morphs 

occupying severity class 2 (X2= 3.7, p > 0.05) or 3 (X2= 0.32, p > 0.1). A small minority of 

colonies experienced white syndrome on >51% of their total colony structure (0.004%), and no 

significant differences were found between color morphs among this severity class (X2= 0.09, p 

> 0.1). 

 

5.4.2 Lesion dynamics 
 
The central tendencies of lesion recovery rates were significantly different between color 

morphs, as yellow displayed a higher frequency of lesions in recovery (Mann-Whitney W = 182, 

p < 0.05).  The rates of all transitioning lesions on yellow colonies were also significantly more 

variable than lesions on brown colonies (F₆₆,₆₀ = 0.026, p < 0.0001). Yellow colonies displayed 

both faster progression and recovery rates (Fig. 12), while 58.9% of all lesions in stasis were 

found on brown colonies. However, despite statistically significant different variability in 

progression rates between morphs, there were no significant differences between the mean 

progression rates of lesions on brown and yellow colonies (Mann-Whitney W = 232, p > 0.1).  

 Between the selected subset of timepoints: June 16, June 29, and August 4, differences in 

the variations of lesion sizes were observed between color morphs. There were 144 total lesions 

analyzed, which were binned into size classes: small, medium, large, and gargantuan based on 

their measurements in cm2 (Fig. 13, Table 3). 
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 Probabilities of lesions transitioning between size classes were compiled into a Markov 

model, as shown in Figure 13, although none of the lesions among any of the transition states 

significantly differed between color morphs. Lesions occurring on yellow colonies exhibited a 

notably wider size range, ranging from 5.9 to 207.3 cm2, whereas lesions on brown colonies 

were comparatively smaller and less variable, spanning from 6.5 to 32.6 cm2 (Table 3). There 

was a total of nine observations of lesions on yellow colonies falling into the largest size class, 

which ranged from 40-210 cm2, while 0 lesions on brown colonies were observed within the size 

class (Table 3).  

Figure 12. The frequency of lesion progression rates for lesions occurring on yellow and brown morphs. 
Lesion transient rates were measured as change in cm2/day. Negative values indicate recovery while positive 
values indicate progression. 
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The proportion of lesions in the gargantuan size class differed significantly between color 

morphs (X2 = 6, p < 0.05). Lesions affecting yellow morphs occupied a wider range of size 

classes than lesions on brown morphs and exhibited faster progressions between size classes 

(Fig. 13). Multiple lesions affecting yellow morphs skipped a size class between census dates, 

progressing from small to large, medium to gargantuan, or recovering from medium to small, in 

comparison to brown lesions, which never skipped size classes (Fig. 13). The majority of brown 

lesions (71.4%) were in a state of stasis in the medium size class, and rarely occupied other size 

classes.  

Figure 13. Markov Chain of probabilities for lesions on both color morphs transitioning between size 
classes. Size class D represents the largest lesions termed “gargantuan”, size class C represents large 
lesions, size class B represents medium size lesions, and size class A represents the smallest sized lesions 
while arrows represent transition probabilities. Arrow size represents the magnitude of each transition 
probability while arrow color represents each color morph. Probabilities of each transition are represented 
as decimals below the total number of lesions transitioning from one size class to the next and were placed 
next to the corresponding arrow.  
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 The most common size class observed in both color morphs was “medium,” which 

ranged between 11-19.9 cm2. Although both brown and yellow colonies had the majority of 

lesions fall into this size class there were relatively more brown lesions that occupied the 

medium size class (Table 3), however, there were no significant differences in frequencies of 

medium sized lesions between color morphs (X2 = 3.1, p > 0.05).  The probability of stasis was 

the highest among medium-sized brown lesions (0.85), which was greater than the probability of 

stasis among medium sized yellow lesions (0.61). A greater number of yellow lesions (4) were 

progressing from small to medium size classes than brown morphs (2), however a greater 

number of yellow lesions (7) were also recovering from medium size class to small size class 

than brown (4). Figures 12 and 13 as well as Table 3 demonstrate the variability of lesions 

affecting yellow morphs of P. cylindrica in both size class and progression rates, in comparison 

to lesions affecting brown colonies.   

 

 

 

Table 3. The frequency lesions occurred in each size class for both color morphs. Lesions 
were censused at three separate time points (6/16, 6/29, 8/4) resulting in three separate size 
measurements per lesion. Results of Pearson X2 tests are shown as X2 and p values. 
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6 Discussion and Conclusion 
 

The present study reports the intraspecific differences between color morphs of P. cylindrica 

on Guam in their relative abundances on reefs and their associated competitive dynamics, and 

resilience/resistance to environmental stressors, such as bleaching and disease. Yellow morphs 

were found to be significantly more abundant than brown morphs at two sites on Guam, and 

were also found to be significantly more competitive than brown morphs, overgrowing colonies 

more frequently than brown morphs. Brown colonies, however, were observed having a 

significantly faster recovery in both symbiont cell densities and color pigmentation post 

bleaching, indicating some level of resilience to heat stress. In terms of disease dynamics, white 

syndrome was observed being significantly more variable on yellow colonies, with lesions 

growing significantly larger than lesions on brown colonies, but also recovering faster. The 

results presented in this study suggest tradeoffs in the resilience/resistance to environmental 

stress between color morphs of P. cylindrica, that may affect future population dynamics on 

Guam. 

Across all sites but Piti E., yellow P. cylindrica was significantly more abundant than 

brown morphs. Yellow morphs of P. cylindrica were also significantly more competitive than 

brown morphs and “won” the majority of yellow/brown interactions, both in situ and in the lab 

competition assay. Because of their greater competitive abilities, yellow colonies are more likely 

to outcompete brown morphs for space on Guam’s reef flats, which may be a contributing factor 

in the differences in abundances observed. Another potential factor influencing abundance 

patterns could be the yellow morph’s ability to recover after developing white syndrome. White 

syndrome lesions affecting yellow colonies were observed to recover faster and at a higher 

frequency than lesions affecting brown morphs, which recovered significantly slower. It’s also 
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possible that yellow color morphs reproduce on a more frequent and/or successful basis than 

brown morphs, however, reproductive habits of P. cylindrica on Guam has yet to be studied. 

 Although competitive interactions of both color morphs closely mirrored each other in 

the field and in tank experiments, there were inconsistencies between the pairs that were 

observed fusing together. Fusion observations were difficult to observe between colonies of the 

same morph in the field, thus the majority of fusing colonies observed in situ were brown and 

yellow morphs. During ex situ experimentation, all brown pairs successfully fused together, with 

no perceptible boundary between any two fragments, while only 44% of yellow pairs fused. 

Brown pairs were also notably less susceptible to algal overgrowth, tissue mortality, paling, and 

were visually healthier looking overall in comparison to yellow pairs. Because brown colonies 

appeared to be at a competitive disadvantage, it is possible that they allocate more energy 

towards fusion to increase survivorship through larger colony size and stability (Chornesky 

1991).  A larger colony size is less easily overgrown and out competed by more aggressive 

species, and fusion between colonies may function as a defense mechanism against competitors. 

The brown color morphs success and frequency of fusion between both clonal and potentially 

non-clonal fragments may have resulted in the absence of brown fusion reports while monitoring 

in situ. However, because no genotyping was performed during this experiment, it is not possible 

to know for certain whether colonies were non-clonal. A study based on P. cylindrica in the 

Philippines reported colonies as gonochoristic brooders (Abecia et al. 2016), while P. cylindrica 

has been reported broadcast spawning at other locations throughout the Pacific (Kojis & Quinn 

1982; Babcock et al. 1986; Tomascik et al. 1997; Itano & Buckley 1988). However, little is 

known of the reproductive habits of P. cylindrica in Guam. It is possible that exposure to 
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powerful waves due to a high frequency of typhoons and storms in the area could have resulted 

in increased fragmentation and dispersal, resulting in isolated clonal colonies.  

White syndrome occurred in higher proportion and more severely on yellow morphs at 

Piti E. than on brown morphs, potentially driving a lower abundance of yellow morphs at this 

site. While white syndrome prevalence did not differ significantly between color morphs, site 

was a significant factor. Of all three sites, Luminao had the highest prevalence and severity of 

white syndrome in both color morphs. Luminao reef flats populate the seaward side of the Glass 

Breakwater, while the sheltered side borders Apra Harbor. Apra Harbor is home to a large, active 

US Naval base and Guam’s commercial port and is a heavily trafficked area by military vessels 

and shipping carriers. Previous studies have reported high quantities of mercury, copper, lead, 

tin, and zinc in harbor sediments as well as multiple pollutants resulting from storm water runoff 

(Belt and Collins 1993; Denton et al. 1999). The close proximity of Luminao to Apra Harbor 

may have influenced the increased prevalence of white syndrome affecting P. cylindrica morphs 

in this area.  

White syndrome lesions occurring on yellow colonies were highly variable and grew to 

be significantly larger than brown lesions, but also healed at significantly faster rates. The faster 

recovery rates observed in yellow colonies displaying white syndrome lesions is consistent with 

the competitive dynamics also observed. It is possible that the fast rate at which lesions on 

yellow morphs healed as well as the competitive dominance of yellow morphs, are both related 

to the rate of tissue generation. Yellow morphs were also significantly slower to recover from 

bleaching, as measured by symbiont cell densities and pigmentation. They became significantly 

paler than brown morphs in the ambient temperature tank during the bleaching experiment, 

despite maintaining statistically similar symbiont cell densities from the beginning to the end of 
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the experiment. The changes in pigmentation that the P. cylindrica fragments in the ambient 

temperature tank experienced are indicative of stress and could be a result of the difference in 

light and temperature fluctuations that occur in a tank environment compared to in situ. 

However, because symbiont cell densities did not significantly change over time in the ambient 

temperature fragments, paling could have been a result of changes in FP densities (Baird et al. 

2007), reductions in GFP’s or GFP- like homologues, or a reduction in Peridinin, xanthophyll 

pool, chlorophyll c2 and chlorophyll a, as observed in bleached Montipora monasteriata colonies 

that similarly did not lose symbiont densities (Dove et al. 2006). Symbiont communities as well 

as bacterial communities of samples from both color morphs are also known to be highly similar 

(Lock et al. 2023 in prep). The microbiomes of both color morph are heavily dominated by C15 

Symbiodinium and Endozoicomonas . The prevalence of vibrio bacteria, which are often defined 

as pathogens or opportunists, did not differ significantly between color morphs.  In addition to 

the high similarity in microbiome communities between color morphs, they were also found to 

be genetically similar (Lock et al. 2023 in prep).  

As climate change challenges organismal fitness through increasing temperatures and 

disease prevalence, the fast acclimatization of individuals who can increase their stress tolerance 

will determine a species’ success and survival. Acclimation can lead to variation that results in 

phenotypic plasticity within a species, through the variability produced in stress responses 

among clone mates (Durante et al. 2019; Payne and Wagner 2019). This can allow for the 

flexibility of a single species to produce a range of responses to different conditions (Hochachka 

and Somero, 2002; Putnam et al. 2016). The mechanism thought to drive phenotypic plasticity 

and facilitate rapid acclimatization is epigenetics, or the heritable modification of DNA, gene 
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expression, and associated proteins (Durante et al. 2019; Feil and Fraga 2012; Putnam et al. 

2016).  

In the case of P. cylindrica color morphs on Guam, there are clear trade-offs associated 

with energy investment. While yellow P. cylindrica morphs allocate more energy towards 

competition and tissue generation, brown morphs invest more in immune response. The 

associated trade-off for the yellow morphs is a lower resistance to disease and heat stress, while 

brown morphs are significantly less competitive and heal slower from disease infection. The 

driver of these trade-offs in biological traits has yet to be determined but could be a result of the 

development of different photo-protective GFP-like pigments and/or different stress exposure 

histories. It is possible that the brown phenotype’s increased resilience to bleaching and 

resistance to disease is due to a history of exposure to these stressors, resulting in the heritable 

modifications of DNA encoding a more robust immune response to environmental stress. In 

comparison, the yellow phenotype may have a history existing among highly crowded areas 

requiring a more aggressive competitive ability to obtain space or could even be predated upon 

on a more frequent basis, requiring faster tissue regeneration for survival. It’s easy to speculate 

on the potential differences in stress exposure histories resulting in the phenotypic differences 

observed in Guam’s P. cylindrica, however, both color morphs exist in the same areas of Guam’s 

reef flats and significant differences in environmental stress is probably unlikely. To better 

understand the trade-offs observed in the life history and biological traits of P. cylindrica color 

morphs on Guam, future molecular work is probably necessary.  

The combination of rising sea surface temperatures, increasing disease prevalence, 

sedimentation, worsening water quality, overfishing, ocean acidification, along with the 

devastation caused by Acanthaster plancii, has put Guam’s coral reef ecosystems in increasing 
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jeopardy. As the rate of extinction rises and susceptible species continue to die off, coral reefs 

around the globe are shifting so that the few resilient surviving species dominate. As a result of 

human impacts, coral cover on reefs will continue to decrease and there will be less of a need for 

species to invest large amounts of energy towards competitive aggression and overgrowth. The 

species with the most plasticity, that are capable of rapidly evolving to produce phenotypes that 

can acclimatize to elevated temperatures and the increasing prevalence of pathogenic diseases, 

are most likely to survive under the future projections of climate change and may constitute the 

few remaining species among coral reef communities.  

While there is still much to understand about phenotypic differences within a species, this 

study suggests that the diversity of traits, such as color, do play a role in a species success in a 

changing environment. Future projections of climate change do not bode well for yellow P. 

cylindrica phenotypes, who are highly competitive but have less tolerance of disease and 

bleaching and have also exhibited an increased susceptibility to algal overgrowth and tissue 

mortality. Although yellow phenotypes may be more abundant presently, we will most likely 

observe a shift towards a higher abundance of brown P. cylindrica phenotypes, who are less 

competitive but more resistant to pathogenic disease and heat stress, and therefore have a higher 

chance of surviving projected environmental conditions. Future genetics work on the color 

morphs of P. cylindrica could advance our understanding of the underlying mechanisms causing 

the differences in biological and life history traits observed and could help further determine the 

evolutionary track of these phenotypes.  

Because coral reefs around the globe are also threatened by an increasing severity and 

frequency of bleaching and disease events, it is important to document trade-offs that occur 

between color morphs of other coral species to further understand the role of color in coral 
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resilience. Conservation and restoration projects will need to investigate phenotypic differences 

within coral species in order to outplant the most robust individuals that can withstand an 

increasingly stressful environment. Trade-offs in biological traits and stress responses observed 

in this study highlight the need for local and global stressors impacting coral reef ecosystems to 

be addressed in order to preserve species diversity and global economy. 
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