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ABSTRACT 

 

Interaction modifiers can induce changes in (a) physio-chemical conditions and (b) 

phenotypes of individuals, including host-associated microbial communities, thus influencing 

species interactions. Among the increasingly best-studied holobionts (hosts + microbes) are 

corals.  

Corals experience a myriad of stressors, including interactions with algae, which can 

decrease coral growth and survival. A hypothesized mechanism underlying the deleterious 

effects of algae on corals involves the release of dissolved organic carbon (DOC), which 

stimulates microbial growth leading to changes in microbial communities/hypoxia.  

The microbial effects of algae on corals are context-dependent, and change depending on the 

physical environment (e.g., water flow) and the presence of other species. One such species is 

the sessile vermetid gastropod, Cereasignum maximum, which uses its mucus net for food 

capture. When a mucus net covers a coral in contact with algae, the net can exacerbate the 

negative effects of algae on corals by 1) decreasing water flow, 2) synergistically decreasing 

coral growth, and/or 3) leading to changes in the coral’s microbial communities, favoring 



potentially pathogenic groups and/or enhancing stress by changing the concentration of dissolved 

materials.  

Using a series of field surveys, lab flume studies, and field experiments, I found that mucus 

nets reduce water flow and lower oxygen concentrations at the surface of corals. Algal presence 

led to the greatest changes in microbial communities. Vermetids and algae decrease different 

aspects of coral growth. 

I hypothesized that the absence of a strong response of corals to vermetids arose because 

corals may have acclimatized to the presence of vermetids. To test this hypothesis I conducted a 

reciprocal transplant study of corals with and without previous exposure to vermetids. I found 

significant effects of prior exposure of vermetids on coral traits, and plasticity of the 

microbiome, but no evidence of a weakened vermetid effect. Interestingly, I also found genetic 

differences between coral on reefs with vs. without vermetids, and suggest vermetids may be part 

of a coral’s extended phenotype.   

My dissertation demonstrated interaction modifications and trait-mediated effects of 

vermetids and algae on corals, and showed novel, but likely general mechanisms for these effects 

involving changes in the coral’s microbial community. 
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CHAPTER 1 

INTRODUCTION 

Pairwise interactions, especially consumer-resource and competitive interactions, inform 

much of ecology.  Yet, rarely do pairs of species occur in isolation.  As a result, species 

dynamics are affected by a suite of interactions, including indirect effects arising from 

interactions among three or more species. Indirect effects can challenge ecologists as they can 

make the outcome of interactions difficult to predict, and lead to ecological surprises. Some 

indirect effects are easily predicted: they are the sum of the direct interactions (i.e., density-

mediated indirect effects: Vandermeer 1969). However, there also are less predictable indirect 

effects, called interaction modifications (also known as, higher order interactions or trait-

mediated indirect effects) in which the strength or outcome of a direct interaction between two 

species is modified by a third species (Vandermeer 1969, Wootton 1994, Werner & Peacor 

2003).  

Interaction modifications can arise when a third species alters the ecological context in 

which a pairwise interaction occurs. For example, canopy trees occlude light to understory 

habitats, and this alteration of the physical environment influences the strength of competition 

between understory plants (Pagès et al. 2003).  Similarly, the litter of Pinus ponderosa (pine) 

changes the soil chemical environment, thereby modifying the strength of competition between a 

grass and a shrub (Metlen et al. 2013, Metland and Callaway 2015). Often, interaction modifiers 

can induce a phenotypic (i.e., trait) shift in one of the species involved in a pairwise interaction: 

e.g., wood frog larvae outcompete leopard frog larvae in the absence of predators, however, in 
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the presence of predators, predator chemical cues induce morphological changes in the tadpoles 

causing leopard frog larvae to outperform wood frogs (Relyea 2000).   

Indeed, many interaction modifications arise via changes in the phenotype of one or more 

of the interacting species, either through phenotypic plasticity (i.e., changes in traits due solely to 

variation in the environment) or evolutionary change (i.e., changes in the genetic composition of 

a population). However, “phenotype” can include more than the classic traits (morphological, 

physiological and behavioral) of an organism: it also can include characteristics beyond the 

traditionally classified individual (i.e., its extended phenotype: sensu Dawkins 1976). The 

extended phenotype includes the effects that genes or a genotype can have on a community or an 

ecosystem (i.e., a community phenotype): reviewed in Whitham et al. (2006). For example, 

Populus tree diversity is positively correlated with arthropod community diversity, as different 

tree genotypes support different arthropod communities (Wimp et al. 2005, Whitham et al. 

2006). The hypothesis is that the underlying genetic variation in the host plant leads to 

differences in arthropod colonization. Thus, the arthropod communities are an extended 

phenotype of the trees (Whitham et al. 2006).  

The concept of an extended phenotype has also been expanded to holobionts, which 

consist of a host and its microbial associates. Most living organisms are inhabited by a wide 

diversity of microbes (e.g., bacteria, Achaea and eukaryotes, like fungi), which can enhance 

nutrient cycling, competitive ability, and protection against pathogens (Hartnett et al. 1993, Wahl 

2008, Nasrolahi et al. 2012). Distinct microbial communities are found in specific host locations 

(Wahl 2008, Roughgarden 2017), and some hosts need microbial associates to perform specific 

functions (such as metabolism of hard to digest sugars in humans, Sekirov et al. 2010).  Thus, the 

fitness of a host is influenced not only by its own traits, but also by the traits of the microbes that 
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it harbors.  As a result, the phenotype of a holobiont is thus defined by the traits of the host and 

its symbionts (Mindell 1992, Rohwer et al. 2002, Zilber-Rosenberg & Rosenberg 2008). 

Microbial traits and host traits can both respond to environmental stimuli, yielding plastic 

responses in both the microbes and host (Carrier & Reitzel 2018). Additionally, the traits of 

symbionts can affect host behavior, growth, or mortality, which can alter its interactions with 

other species (Ezenwa et al. 2012).  Similarly, interactions with other species can lead to changes 

in the host, which can then alter the microbial constituents of the holobiont.  

Host-associated microbial communities can change quickly in response to the 

environment (Armstrong et al. 2001, van der Heijden et al. 2008, Augustin et al. 2009, Nasrolahi 

et al. 2012, Goh et al. 2013, Wagner et al. 2014). For example, acquisition of microalgae, 

Symbiodinium from clade D allows corals to withstand bleaching compared to associations with 

other clades of Symbiodinium (Jones et al. 2008).  Thus, on ecological timescales, when 

including microbes as a phenotypic trait, species may show phenotypic plasticity (i.e., changes in 

microbial communities in response to environmental stimuli) in response to direct and indirect 

effects. Therefore, even when the host cannot change genetically (e.g., via selection) or 

phenotypically (via plasticity), its microbial assemblage can change, thus altering its “extended” 

phenotype.  Here, I consider microbes as traits (adapted from “interactors”, sensu Dawkins 1976 

and Roughgarden 2017), which can allow the holobiont to acclimatize (e.g., show adaptive 

phenotypic plasticity) to biological and/or physical conditions. Rapid change in the holobiont 

may occur through ecological dynamics of the microbial community (causing shifts in the 

representation of different microbes), or evolutionary dynamics of the constituent microbes 

(causing changes in the functional traits of a given group: Bordenstein & Theis 2015).  In either 

case, the genotype of the holobiont changes, in response to external stimuli on much shorter time 
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scales than required for a change in the genotype of the host (Zilber-Rosenberg & Rosenberg 

2008, Rosenberg et al. 2018).  

In summary, pairwise interactions exist on a backdrop of biological and physical 

contexts. Pairwise interactions are modified by other species, both through changes in the 

physical environment and through changes in the phenotypes of the interacting species. For 

holobionts, these phenotypic changes can include shifts in associated microbial communities. 

Because microbial communities can change on short time scales, indirect effects that are 

mediated through symbionts can result in rapid changes that can facilitate (or impede) resilience 

of hosts to new environments.  

For my dissertation, I used a coral reef ecosystem to determine the consequences of direct 

and indirect effects on the ecology of corals.  In particular, I examined how interactions between 

corals and algae are modified by a third group, vermetid gastropods. Furthermore, I determined 

whether the interactions among corals, algae and vermetids could be understood by studying the 

dynamics of the microbial community that occupies the coral holobiont. 

Study System  - Coral reefs 

Coral reefs are the most diverse marine ecosystem in the world. Scleractinian (stony) 

corals create the reef structure, which houses the diverse assemblages characteristic of coral reef 

ecosystems.  Coral reefs also influence important local, regional, and global elemental cycles 

(Odum & Odum 1955, Moberg & Folke 1999), and provide important ecosystem services to 

coastal human communities (e.g., via storm protection, and food production, Moberg & Folke 

1999). Most corals are colonial organisms, and are engaged in complex symbioses that make up 

the coral holobiont. For example, most corals contain single-celled algae in the genus 
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Symbiodinium that provide photosynthate in exchange for nitrogen (Davy et al. 2012).  Coral-

microalgal symbioses are already considered part of the coral’s extended phenotype (Parkinson 

& Baums 2014), as different strains of Symbiodinium can lead to functional differences between 

corals of the same genotype. The coral-microalgal symbiosis has been well studied, and has been 

suggested to be adaptive: i.e., in which changes in associations between symbionts and hosts 

confer benefits to the holobiont (e.g., the adaptive bleaching hypothesis, Buddemeier et al. 1993, 

Brown 1997, Baker et al. 2004, Howells et al. 2011).  

Corals also host a diversity of other microbes (including bacteria, archaea, fungi, and 

viruses, Davy et al. 2012) that are involved in nutrient cycling (Wegley et al. 2007) and pathogen 

resistance (Rypien et al. 2010, Garren & Azam 2011). Previous studies show that microbial 

communities change in response to abiotic conditions (e.g., temperature, pCO2 or water flow, 

Webster et al. 2012, Morrow et al. 2014, Lee et al. 2017) and biotic conditions (e.g., competition 

and predation: Barott et al. 2012a, Shaver et al. 2017). Additionally, microbial associations can 

either be harmful (e.g., lead to disease) or beneficial, as they are also associated with the 

development of resistance to disease (Reshef et al. 2013, Glasl et al. 2016, Peixoto et al. 2017).  

Nearly all coral reefs are in danger of shifting from species-rich, coral-dominated 

communities to species-poor, macroalgal-dominated communities (Pandolfi et al. 2005).  

Climate change, overfishing, storms, disease, and predator outbreaks all contribute to the death 

of corals, which opens up free space on reefs and allows for colonization and growth of benthic 

algae (Hughes et al. 2007). Because algae can outcompete coral (River & Edmunds 2001, 

Bellwood et al. 2004, Nugues et al. 2004, Smith et al. 2006, Vermeij 2006, Box & Mumby 2007, 

Vermeij et al. 2009, Rasher 2010, Rasher & Hay 2010), increases in algal cover are likely to 

further exacerbate the decline of coral reefs.  
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Algae can negatively affect corals through their effects on coral microbiomes.  For 

example, algae leak dissolved organic carbon, which provides substrate for microbes that live on 

corals and in the water column (Bell 1983, Kline et al. 2006, Nelson et al. 2011). This can lead to 

1) shifts of coral microbial communities towards more heterotrophic or disease-related groups 

(Vega Thurber et al. 2009, Barott et al. 2012b, Vega Thurber et al. 2012) and/or 2) hypoxia due 

to the increased respiration of heterotrophic microbes (Kline et al. 

2006, Smith et al. 2006, Barott et al. 2009). Water flow, and factors 

that affect flow, can further modify these effects (Wangpraseurt et 

al. 2012, Brown & Carpenter 2013).  

Corals and algae are not the only sessile species on reefs. 

Among other sessile species are vermetid gastropods, which are 

common throughout most of the world's oceans (Hadfield et al. 

1972, Safriel 1975). These organisms form worm-like, loosely 

coiled tubes that are cemented to the reef matrix (Safriel 1975). Many of these snails are 

suspension feeders that feed by excreting a mucus net from their pedal gland (Morton 1950), 

allowing the net to collect particles, and then retracting and eating the net and its contents 

(Kappner et al. 2000). Among the vermetid gastropods, the largest and one of the most common, 

is Ceraesignum maximum (G.B. Sowerby I, 1825), formerly in the genus Dendropoma (see 

inset).  

 On coral reefs, C. maximum causes changes in coral morphology (Colgan 1985, Zvuloni 

et al. 2008, Shima et al. 2010, 2015) and reductions in coral growth and survival (Shima et al. 

2010, 2013). These negative effects likely involve the snail’s mucus nets, which contain bio-

active compounds (Klöppel et al. 2013), although the precise mechanism underlying the 

C.##maximum!(the!verme)d)!

Mucus!net!

Ceraesignum maximum 
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deleterious effect of vermetids on corals is not yet known.  Although the nets do not reduce light 

levels (Brown and Osenberg 2018), they appear to impair the photosynthetic ability of 

Symbiondinium (Shima et al. 2015).  They may also impede heterotrophic feeding by preventing 

particle capture, alter coral microbiomes, and/or decrease water flow at coral surfaces which 

could trap wastes or create other harmful conditions at coral surfaces (Chapter 2). Additionally, 

the presence of vermetid mucus nets decreases herbivory (Tootell & Steele 2014), potentially 

facilitating macroalgal take-over of reefs.  Larvae of C. maximum cannot settle to live coral, and 

they likely depend on disturbances that create open space to colonize new habitat (Phillips et al. 

2014). Vermetids are more abundant in sites with higher proportions of dead coral (Shima et al. 

2010), likely due to both their settlement requirements and their deleterious effects on corals.  

Given the similarity in mechanisms that potentially underlie algal-coral and vermetid-

coral interactions (e.g., allelopathy, and/or microbially-mediated mechanisms McCook 2001, 

Smith et al. 2006), it is likely that vermetids and algae, when they co-occur, may act in 

concert and exacerbate deleterious effects on corals. For example, vermetid nets may impede 

water flow at the coral surface. Thus, any dissolved chemicals in the water (e.g., DOC from 

nearby algae) may remain at coral surfaces for prolonged periods of time potentially leading to 

more pronounced changes in the coral-associated microbial community, which could lead to 

stronger deleterious effects (Chapter 2, Chapter 3). Therefore, I hypothesize that vermetids will 

exacerbate the effects of algae (Chapter 4), which can have downstream negative effects, and 

lead to a deceleration of reef recovery or acceleration of reef degradation in areas where algae 

and vermetids co-occur. 

Some studies (e.g., Shima et al. 2010) have shown large effects of vermetids on coral 

growth (>50% reduction in growth), while other studies have shown negligible effects (Zill et al. 
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2017). For some of those studies that showed large effects (e.g., Shima et al. 2010), corals were 

collected as juveniles from an environment lacking vermetids; thus, these juveniles most likely 

had not been growing in close proximity to vermetids (and were likely “naive”).  The prior 

experience of corals used in most experiments is not known.  I hypothesize that variation in the 

effects of vermetids on corals is due to variation in the prior exposure of corals to vermetids: i.e., 

that vermetid exposure led to increased tolerance via acclimatization (i.e., adaptive plastic 

responses) of the coral and/or its associated microbial community (Reshef et al. 2006, Todd 

2008).  Interestingly, at my study sites in Mo’orea, French Polynesia, there are reefs that have 

vermetids and reefs that do not have vermetids on them (Shima et al. 2010), providing a 

powerful opportunity to test this hypothesis. Alternatively, the presence of some reefs with 

vermetids and some reefs without vermetids may be due to the underlying genetic differences 

among corals, which could influence whether or not vermetids could successfully colonize a 

reef.  I explored how prior exposure of corals to vermetids affects the traits of corals and their 

microbes, and determined if there was evidence of coral acclimatization to vermetid interactions 

and/or if there was genetic variation among corals associated with the presence vs. absence of 

vermetids (Chapter 5).  

The goals of my dissertation were to (1) use laboratory studies and field surveys to 

evaluate the potential effects of vermetids on water flow, dissolved oxygen dynamics, and 

microbial communities (Chapters 2 and 3); (2) experimentally quantify the direct and indirect 

effects (i.e., interaction modifications) of the vermetid, C. maximum, on corals, algae, and coral-

algal interactions (Chapter 4); and (3) test if prior exposure of corals to vermetids leads to 

greater tolerance of corals to vermetids and evaluate if this plastic response may be due to shifts 

in the microbiome (Chapter 5).   
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CHAPTER 2 

VERMETID GASTROPODS MODIFY PHYSICAL AND CHEMICAL CONDITIONS 

ABOVE CORAL-ALGAL INTERACTIONS1 

  

                                                
1 Brown AL, Osenberg CW. 2018. Vermetid gastropods modify physical and chemical conditions above coral–algal 
interactions. Oecologia 186(4): 1091-1099. 
Reprinted here with permission of the publisher 
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Abstract  

Interaction modifications can arise when a third species alters the physical and chemical 

environment within which two other species interact. On coral reefs, corals and algae commonly 

interact amid a suite of other species that may modify their interaction. Massive Porites coral and 

algal turfs often are covered by mucus nets cast by the vermetid gastropod, Ceraesignum 

maximum. Previously, vermetid mucus nets have been shown to have deleterious effects on 

corals. Here, we hypothesized that vermetids not only have direct effects on coral, but they also 

change the local physical and chemical environment establishing the potential for interaction 

modifications by intensifying the effects of algae on corals. To test this, we examined the effect 

of vermetids on physical and chemical aspects of the environments.  We quantified light 

penetration, water flow, diffusive boundary layer (DBL) thickness, and oxygen concentrations in 

the presence and absence of vermetid nets. Vermetid nets did not affect light levels. Because we 

observed reduced water flow and increased DBL thickness in the presence of nets, we also 

expected to observe high oxygen concentration over coral surfaces. Instead, we observed no 

difference in oxygen concentrations in the presence of mucus nets. To explain the lower than 

expected oxygen concentrations, we hypothesize that nets decreased photosynthesis and/or 

increased respiration of corals and algae and their associated microbiota. This is the first study to 

explore mechanisms underlying the deleterious effects of vermetids on corals, and shows that 

vermetid mucus nets may modify coral-algal interactions by intensifying physical and chemical 

conditions. 
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Introduction 

Interaction modifications (or higher order interactions: Vandermeer 1969) arise when a 

third species alters the strength and/or direction of a pairwise interaction. For example, the 

presence of a non-lethal predator can decrease the intensity of competition between a potential 

prey and its competitor if the predator reduces the feeding activity of its prey (Peacor and Werner 

2001). Predators also can induce changes in prey morphology, thus modifying the prey’s 

interactions with its resources, competitors, or other predators (e.g., Relyea and Yurewicz 2002).  

In other cases, the strength of a predator-prey interaction can be modified by a biogenic habitat, 

which can alter the search ability of the predator.  For example, the presence of large seaweeds 

can increase survival of mussels by decreasing their visibility to their crab predators (Bertness et 

al. 1999).  

Interaction modifications can also arise when a species ameliorates harsh environmental 

conditions.  For example, in the stress gradient hypothesis, one species modifies the physical 

environment, and thereby alleviates stress in another species, which may, therefore, affect 

interactions with other species in fundamentally different ways (Callaway 1997).  The presence 

of a third species may also confer other changes in the physical environment.  For example, 

increased shading by canopy trees intensifies competition among understory plants (Pagès et al. 

2003).  Similarly, the litter of Pinus ponderosa (pine) changes the soil chemical environment, 

thereby modifying the strength of competition between a grass and a shrub (Metlen et al. 2013, 

Metland and Callaway 2015). The importance of environmental modification by a third species 

and its effect on interactions between two other species emphasizes how species-driven changes 

to the physical and chemical environment can lead to complex ecological effects.  
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The influence of the physical and chemical environment on species interactions likely 

occurs in a diversity of systems.  Here, we examine effects in a coral reef, where previous work 

has demonstrated that coral growth and survival is sensitive to changes in the physical-chemical 

environment.  For example, reduced light availability can inhibit photosynthesis of the coral’s 

symbiotic algae, Symbiodinium, and may lead to decreased coral growth (Chalker and Taylor 

1975, Marubini et al. 2001).  Reduced water flow increases boundary layers, and thicker 

boundary layers can lead to the build-up of harmful metabolic by-products and thus can decrease 

coral growth (Dennison and Barnes 1988, Kühl et al. 1995, Finelli et al. 2007).   

Corals also are affected by interactions with other species. For example, algae are fast 

growing sessile competitors that can overgrow or shade corals (Box and Mumby 2007), transfer 

harmful microbes to corals (Nugues et al. 2004, Barott et al. 2011, 2012), or exude allelopathic 

chemicals that harm corals (Rasher and Hay 2010). Algae can also facilitate the growth of 

heterotrophic bacteria via the production of bio-available dissolved organic carbon (DOC, Kline 

et al. 2006, Smith et al. 2006, Nelson et al. 2013). Increased microbial growth leads to higher 

microbial respiration, which can result in hypoxic conditions at coral surfaces when corals are in 

close proximity to algae (Smith et al. 2006). Furthermore, algae likely mediate their deleterious 

effects, in part, by altering water flow.  For example, algal turf (small, <5mm in height, 

multispecific filaments) can reduce water flow just above the coral surface, leading to greater 

retention of solutes (Brown and Carpenter 2015), thicker boundary layers (Wangpraseurt 2012, 

Brown and Carpenter 2013, Stocking et al. 2016), and increased concentrations of bacteria 

(Brown and Carpenter 2015).  Importantly, the strength of the interaction between coral and 

algae (Wangpraseurt et al. 2012, Brown and Carpenter 2013, Jorissen et al. 2016) is affected by 

water flow. For example, reduced water flow increases exposure of corals to metabolic waste 
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products released by the algae, which can enhance deleterious effects and produce hypoxia or 

hyperoxia (Hauri et al. 2010, Brown and Carpenter 2013, 2015, Haas et al. 2013a).  

Competition between coral and algae, and the importance of physical factors (such as 

light and water flow), set the stage for other species to affect corals if they alter the physical 

environment.  For example, sessile vermetid gastropods may alter the ecological context in 

which corals and algae interact by changing light and/or water flow. The largest vermetid, 

Ceraesignum (formerly Dendropoma) maximum, inhabits shallow coral reefs in the Pacific and 

Indian Oceans and the Red Sea. This worm-like snail casts a mucus net over the substrate to 

capture small particles, including plankton. Frequently, their nets cover corals, and have 

deleterious effects on adult coral growth, survival, and photophysiology (Shima et al. 2010, 

2013, 2015). The putative mechanisms underlying this negative effect likely involve the mucus 

net, although the mechanism(s) has not yet been identified. Here we hypothesize that the net 

alters the physical and chemical conditions around corals, leading not only to potential direct 

effects on corals but also to modification of coral-algal interactions. We therefore predict that 

vermetid nets: 1) reduce light availability, and 2) decrease water flow. 3) We also predict that 

vermetid nets will have greater effects on physical conditions in the presence of turf algae 

because vermetids will reduce water flow and thus exacerbate effects of algal turf on the 

microenvironment.  In particular, we expect that vermetid nets alter the physical and chemical 

conditions on coral surfaces by increasing the thickness of the diffusive boundary layer (DBL) 

over corals, which should lead to enhanced hyperoxic conditions at the coral surface in the light 

due to the production of oxygen by turf algae (and similarly enhanced hypoxia in the dark due to 

respiration, although in our study we focused on daytime responses). 
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Methods 

 We conducted our studies in Mo’orea, French Polynesia at the UC Berkeley Richard B. 

Gump Marine Station, where massive Porites corals dominate the shallow back reefs and 

frequently interact with a myriad of algal species, especially algal turf (Brown and Carpenter 

2015). The vermetid gastropod, C. maximum, is common in shallow water where Porites and turf 

algae also are common (Shima et al. 2010; but see Brown et al. 2016).  To feed, this vermetid 

casts a mucus net, which collects particles in the water column before the net is retracted and the 

net and its contents are consumed by the snail (Kappner et al. 2000).  Thus, microsites in which 

massive Porites and algal turfs interact are frequently covered by vermetid mucus nets 

(Appendix 2A Fig 1).  Our studies were designed to evaluate how vermetids modify the physical 

microenvironment (with respect to light, flow, and boundary layers) and alter the context in 

which corals and turf algae interact.   

Light Levels 

 To determine how vermetids influence the light environment, we used DEFI-L 2pi light 

meters to measure light levels in the presence and absence of mucus nets. We drilled holes onto 

dead areas of coral colonies where vermetids were present and placed a light sensor into the 

drilled hole, which served to hold the sensor upright, with the sensor surface just protruding 

above the top of the reef. The sensor was approximately flush with the coral surface and 

therefore measured light levels a coral would experience. We placed a second sensor 2-5m away 

from the primary sensor, in an area without vermetids nearby, and at a comparable water depth.  

The second sensor was secured in a weighted frame to ensure that it was upright and stable. 

Sensors recorded light levels (µmol photon m-2 s-1) every second. To determine when the primary 

sensor was covered by vermetid mucus nets, we placed a GoPro camera in front of the primary 
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sensor and photographed the sensor every 30 seconds. At the end of a four-hour period, the 

sensors and camera were collected. This procedure was repeated on 6 days in 2013: June 7, 9, 

10, 26, 30 and July 17.  Light sensors were randomly assigned to a different treatment and new 

location each day.  

 Using the time series for each deployment, light levels were averaged every 30s to align 

with the photographic time series. Each photograph from the primary sensor was then scored as 

either having a net present or not. We then calculated the log-ratio (ln(Primary sensor/Second 

sensor)) to control for ambient fluctuations in light levels, and averaged these log-ratios during 

all times when the nets were present and during all times when they were absent.  Thus, each 

deployment (i.e., a temporal block) generated two log-ratios (i.e., differences on a log-scale). If 

vermetids reduced light levels, then the log-ratio between the two sensors should have been 

reduced (e.g., become more negative) when nets were present. These data were analyzed using a 

paired t-test (n=6 pairs) to quantify the effect of vermetids on light levels and test the null 

hypothesis that the presence of nets did not affect light levels.  Additional information, including 

justification for this design and additional analyses, are included in the electronic supplementary 

materials. 

Retention Time of Water 

We tested if the presence of vermetid nets and algae influenced the retention of water near 

corals. Changes in retention times of fluorescein dye have previously been used as a proxy for 

changes in water flow and diffusive boundary layers (Brown and Carpenter 2015).  We recorded 

the retention time of fluorescein dye in the presence vs. absence of a vermetid net in microsites at 

which only coral was present or in sites at which algal turf also was present. After identifying an 

area of coral (or coral and algal turf) covered by a mucus net, we inserted 2 ml of fluorescein dye 
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(40 mg ml-1) underneath the mucus net using a 5 ml syringe with a needle attached, and recorded 

(to the nearest second) the elapsed time until the dye had visually dissipated from a 1x1 cm2 area. 

The net was then removed and, after 10 s, another 2 ml of dye was released in the same spot and 

the dissipation time re-measured. To check our methods, we also assessed dissipation using a 

fluorometer. All methods were identical to the previous approach, except that we sampled the 

water with a clean syringe 2 s after releasing the dye and determined the residual concentration 

of dye using a fluorometer. We analyzed the data using a 2-way ANOVA (net presence vs. 

absence crossed with algae presence vs. absence) with a random effect for site (since the same 

site was measured in the presence and absence of a net) using the lme4 package with 

Satterthwaite approximation for degrees of freedom (Bates et al. 2014, Kuznetsova 2016).   

Oxygen Concentration Profiles  

We quantified oxygen concentrations under two flow regimes (Low flow at 7.7 cm s-1 and high 

flow at 14.5 cm s-1) using a laboratory flume, and used these data to estimate diffusive boundary 

layer (DBL) thickness at microsites above coral, above algae, and above the coral where it was 

directly interacting with algae (hereafter the “coral-algal interface”).  We conducted our study 

with field-collected cores, the tops of which were comprised by half living massive Porites coral 

and half algal turf.  We identified interfaces in the field and used a pneumatic drill with a hole 

saw attachment (6.35 cm diameter, 3.81 cm cutting depth; McMaster Carr) to remove the core. 

Cores were brought back to the lab and placed in aquaria with constant flow of seawater until 

they were used in the flume (always within a week of collection). On the day that a core was to 

be placed in the flume, we first took it into the field and draped a vermetid mucus net over the 

top to simulate the typical field condition in the presence of vermetids. The core (with the 

overlaying net) was enclosed in a small plastic container, brought back to the lab and returned to 
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the seawater table until placed in the flume 1-4 hours later. A core (with an intact net) was placed 

in the center of a ramp in the working section (160 × 10 × 12 cm) of the flume to ensure smooth 

flows, and then acclimated to the flume for 5 minutes at low flow (7.7 cm s-1) in the light (800 

µmol photon m-2 s-1; Hubbell 1000 W metal halide light).  Although this handling and transport 

may stress corals and algae and therefore affect the absolute oxygen concentrations we 

measured, we expected the relative differences among the treatments to reflect relative responses 

measured under more natural conditions.  

We measured oxygen concentration profiles using a PreSens needle microsensor oxygen 

probe (diameter: <50 μm) attached to a PreSens Microx TX3 system (PreSens Precision Sensing 

GmbH). The probe was attached to a micromanipulator, which allowed fine-scale, precise 

motion to measure oxygen concentration profiles. The probe was lowered through the net to the 

coral surface. From the surface (distance = 0 µm), the probe was then raised in incremental steps 

of 100 µm until reaching a height of 2500 µm. At each step (every 100 µm) the probe was paused 

for 1 s and the oxygen concentration recorded. See Brown and Carpenter (2013) for more 

information about probe calibration, flume measurements, and description of the flume set up.

 Oxygen profiles were obtained directly above the live coral (n=6-7), above the coral-algal 

interface (n=8), and above the algal turf (n=6-8).  The net was then removed and the profiles 

obtained in all three locations again.  All six profiles were obtained under low (7.7 cm s-1) and 

high (14.5 cm s-1) flow for each coral core with the net present, and again after nets were 

removed. Light levels were saturating (Carpenter 1985, Chalker 1981) and similar to those 

experienced in the field.  Flow speeds also were chosen based on conditions experienced in the 

field (Brown and Carpenter 2015) and were calibrated in the flume with an Acoustic Doppler 

Velocimeter (Nortek AS Vectrino).  
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The thickness of the diffusive boundary layer (DBL) was determined by the height 

(above the substrate) at which oxygen concentrations reached 99% of the bulk oxygen 

concentration (Jorgensen & Revsbech 1985) based upon graphical representations of the profiles 

(concentrations by distance), and finding the distance at which oxygen concentrations reach 99% 

of the bulk oxygen concentration (see Kühl et al. 1995, Brown and Carpenter 2013). Oxygen 

profiles are provided in the electronic supplementary materials. Surface oxygen concentrations 

(i.e., measurements at distance 0) were compared to determine if mucus nets exacerbated 

hyperoxic conditions at the coral surface, indicative of retention of oxygen due to the presence of 

a mucus net. 

DBL thicknesses and surface oxygen concentrations were compared using mixed model 

ANOVA, in which core was treated as a random effect. All data analyses were conducted using 

the programming language R (R Core Team 2015, version 3.2.3); ANOVA was performed with 

the lme4 package (Bates et al. 2014) with the degrees of freedom approximated using the 

Sattherwaite approximation (Kuznetsova et al. 2016). Tukey HSD post hoc tests were completed 

on the model using the lsmeans and multcompView packages in R (Graves et al. 2015, Lenth 

2016). 

Results 

Light Levels 

Light levels at the field sites were typically between 600 and 850 μmol photons m-2 s-1, although 

one day (9-June-2013) had consistent cloud cover so light levels averaged only 182-245 μmol 

photons m-2 s-1 and the sensor located away from vermetids measured consistently higher light 

levels.  The average log ratio between the two sensors was typically small and near 0 (0.035 ± 
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0.005, mean ± 95% Confidence Interval), and ratio did not vary consistently due to the presence 

versus absence of a vermetid net (difference in log ratio = 0.0081 ± 0.0393, mean ± 95% 

Confidence Interval; t5 = 0.529, p=0.620, Appendix 2A Table 1, Fig. 2.1), which resulted in a 

less than 1% decrease in light. The most extreme difference in light levels (30-June-2013) 

corresponded to only a 6% reduction in light in the presence of nets.  On five of the six dates, 

light levels were likely saturating (Chalker et al. 1981, Marubini et al. 2001). We therefore 

concluded that vermetid nets do not appreciably affect corals via reductions in light levels. 

Retention time of water  

Fluorescein dye was retained for significantly longer in the presence of vermetid mucus nets 

compared to when the nets were absent (F1,32 = 13.79, p=0.0008, Fig.2.2a). Additionally, we 

observed longer retention times when algae were present (F1,32=6.9, p=0.0131, Fig. 2.2a). On 

average, dye was retained nearly twice as long in the presence of nets (1.7x for the coral alone, 

and 1.9x when corals were interacting with algae: see Appendix 2A. Table 2). Results using a 

fluorometer to measure fluorescein concentrations after 2s revealed similar patterns (Fig. 2.2b). 

Oxygen concentration profiles 

There were significant complex interactions among the factors (surface x net presence and a 

nearly significant three-way interaction), in part because there was little effect of flow or net 

presence on DBL thickness over algal turf (Table 2.1, Fig. 2.3). Over the coral and coral-algal 

interface, in general, we observed thicker boundary layers in the presence of mucus nets (Table 

2.1, Fig. 2.3), although because of the complex interactions, we cautiously interpret this main 

effect. Increasing flow had no effect on DBL thickness over the coral-algal interface (or over 

algae), although higher flow did reduce the DBL thickness over coral when mucus nets were 
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present (Fig. 2.3a,b; Table 2.1). Thus, it appears that flow reduced DBL thickness except in the 

presence of algae (i.e., algae alone or at the coral-algal interface) and nets, suggesting that nets 

reduce the mixing effects of flow over complex 3-dimensional surfaces (e.g., algal turf) but not 

over relatively simple surfaces (e.g., coral).  

All surface oxygen concentrations were hyperoxic, as expected given that profiles were 

obtained in the light when algal turf and Symbiodinium would be photosynthesizing.  High flow 

decreased surface oxygen concentrations (as expected from greater mixing, Fig. 2.4).  However, 

there was a nearly significant complex three-way interaction between flow, substrate and nets 

(Table 2.2). For coral surfaces, in low flow, surface oxygen concentrations were elevated in the 

presence of nets, but there were no differences between low and high flow in the absence of a net 

(Fig. 2.4a). At the coral-algal interface, the presence of a net had little effect on surface oxygen 

concentration (Fig. 2.4b, Table 2.2). For algal surfaces, nets appeared to depress surface oxygen 

concentrations especially compared to low flow conditions (Fig. 2.4c, Table 2.2). 

Discussion 

Our study is one of the first to evaluate possible mechanisms that underlie the deleterious effect 

of vermetids on corals (as documented by Shima et al. 2010, Stier et al. 2010, and Shima et al. 

2013). Vermetids change the physical and chemical microenvironment below their mucus nets 

by reducing water flow, increasing retention times, and increasing boundary layer thickness, but 

not by reducing light levels. These effects, however, depended on the substrate over which the 

measurements were made.  When corals and algae abut, the presence of vermetid mucus nets 

increase retention times.  However, the effects of mucus nets and flow were dependent on 

surface type. Notably, when algae were present near corals, increased water flow did not 
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decrease DBL thickness, indicating that the presence of algae and mucus nets combine to create 

conditions that lower flow.  As a result, algae and nets create more homogeneous conditions near 

coral surfaces that are independent of the overlying water flow regime. 

These modified physical and chemical conditions induced by vermetids may intensify the 

interactions between coral and algae.  For example, Smith et al. (2006) hypothesized that algae 

indirectly affect coral by releasing DOC and increasing heterotrophic microbial growth, leading 

to hypoxic conditions and coral mortality. Others have suggested that this process depends on 

water flow, and can only occur in low flow conditions (Wangprasseurt 2012, Brown and 

Carpenter 2013, Haas 2013a, Jorissen 2016). Additionally, long retention times, lowered flow, 

and/or thicker diffusive boundary layers can lead to the build-up of noxious conditions, for 

example, by maintaining harmful waste products near the surface of corals (Hauri et al. 2010). 

Thus, the presence of mucus nets, by lowering flow and increasing boundary layer thickness, can 

exacerbate the mechanisms underlying coral-algal competition.  This is especially evident at the 

surface of coral-algal interactions, where increasing water flow, which usually decreases 

boundary layer thickness, has little effect on DBL thickness when nets are present (Fig. 2.3).  

Interestingly, we did not observe an accumulation of oxygen concentration in the 

presence of mucus nets (Fig. 2.4). This result is curious, as previous work has shown a positive 

relationship between diffusive boundary layer thickness and oxygen concentrations at coral and 

algal surfaces during daylight (Brown and Carpenter 2013, Jorissen et al. 2016).  The lack of 

increase in surface oxygen concentrations in the presence of nets and algae suggests that nets not 

only increased the DBL but also led to lower net production of oxygen (although the overall 

condition remained hyperoxic). We propose and discuss two hypotheses: 1) lowered 
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photosynthesis in the presence of vermetid mucus nets; 2) increased oxygen consumption (i.e., 

respiration), potentially by the microbial community.   

If photosynthesis of Symbiodinium and/or algal turf was reduced by the presence of nets, 

oxygen production would have been reduced, which may have prevented the accumulation of 

oxygen despite increased DBL thickness. This reduction in photosynthesis must involve a 

mechanism other than light (Fig. 2.1) since vermetid nets did not appreciably reduce light 

intensity. For algal turf, the physical barrier the net creates may lead to difficulty acquiring DIC 

(dissolved inorganic carbon) needed to maintain high rates of photosynthesis (Carpenter and 

Williams 2007).  Corals may also exhibit reduced photosynthetic efficiency under low flow 

(Finelli et al. 2007; Mass et al. 2010), a condition created by vermetids (Fig. 2.2), possibly 

because hyperoxic conditions can damage Symbiodinium photosynthetic apparatuses (Mass et al. 

2010). Effects on surface oxygen concentrations of algal turfs are likely to be even more 

pronounced than effects on Symbiodinium (as observed: see Fig. 2.4).  For example, algal turfs in 

low flows, are mass-transfer limited, but generally have high rates of photosynthesis (0.3 to 3.2 

μmol O2 cm-2 h-1, Carpenter and Williams 2007) compared to photosynthetic rates of 

Symbiodinium/massive Porites (0.21 μmol O2 cm-2 h-1; Anthony et al. 2008).  Thus, a reduction 

in the photosynthetic rate of algal turfs would likely have a more demonstrable effect on oxygen 

concentrations than a reduction in photosynthesis by Symbiodinium. 

Alternatively, the presence of the nets may lead to an increase in respiration: e.g., by 

increasing the activity of heterotrophic microbes or through photorespiration of Symbiondinium 

(Mass and Genin 2010). Heterotrophic microbes can reduce oxygen concentrations at the 

interface between corals and algae (Smith et al. 2006, Barott et al. 2011, Jorrisen et al. 2016, but 

see Brown and Carpenter 2013), putatively due to excess DOC produced by leaky algae (Kline et 
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al. 2006). For example, in no flow, the interface between coral (Favia sp.) and algae 

(Chaetomorpha sp.) can approach hypoxia due to microbial respiration, even in the light (Haas et 

al. 2013a). Evidence for increased microbial activity due to algal byproducts has been found in 

Moorea, French Polynesia where DOC produced by algal turf leads to increased growth and 

respiration of heterotrophic microbes (Haas et al. 2013b). If algal-derived DOC or coral 

metabolic byproducts used by heterotrophic microbes are trapped under the net, microbial 

activity might increase, leading to increased respiration, and thus preventing the accumulation of 

oxygen when nets are present. Additionally, mucosal products of corals and other mucus-

producing organisms have been previously found to fuel microbial growth (Wild et al. 2004, 

Wild et al. 2010).  Similarly, it is possible that the mucus net from vermetids may provide a food 

source for the heterotrophic microbial communities on corals, leading to increased respiration in 

the presence of mucus nets. However, vermetid nets also contain bioactive compounds, which 

may have antibacterial properties (Kloppel et al. 2013), suggesting that nets could instead reduce 

microbial growth and respiration.  

These hypotheses are not mutually exclusive, and may act in concert to influence the 

chemical conditions around coral-algal interactions when vermetid nets are present. Indeed, 

previous studies have shown that vermetids decrease the photosynthetic efficiency of corals 

(Shima et al. 2015), indicating vermetids may reduce coral photosynthesis. Alternatively, mucus 

nets, by affecting coral microbial communities, indirectly could affect the efficiency of 

photosynthesis (e.g., chemical effects of algae on corals decrease photosynthetic efficiency, 

Rasher and Hay 2010). Thus, nets, by lowering flow, preventing mixing and exacerbating 

deleterious chemical conditions, may lead to a combination of decreased photosynthesis and 
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increased respiration, which would depress oxygen concentration below that expected from 

thicker DBLs.  

Although our short-term, mechanistic studies do not directly quantify the effects of 

vermetids on coral-algal competition, many past studies demonstrate that the effects on the 

physical environment will alter the interaction between corals and algae.  For example, reduced 

flow (and increased DBL thickness) intensifies the deleterious effects of algae on corals (Brown 

and Carpenter 2015, Gowan et al. 2014). Because coral-algal dynamics are critical to the 

understanding of coral reef resilience, we suggest that vermetid gastropods, through their 

modification of the environment, could play an important role in coral reef community dynamics 

in areas where corals, algae and vermetids co-occur (e.g., South Pacific and Red Sea). Previous 

studies have demonstrated the dominant role that higher order interactions can have on species 

interactions (Werner and Peacor 2003, Schmitz et al. 2004). Often, interaction modifications are 

characterized by phenotypic or behavioral responses to the presence of another organisms (e.g., a 

predator: Werner and Peacor 2003), or by the effects of another organism on the physical 

structure of the environment (Bertness et al. 1999, Pagès et al. 2003). Our study is the first to 

demonstrate how a gastropod (in this case, C. maximum) acts as an interaction modifier by 

changing the physical and chemical environment in which competitors, corals and algae, interact.   
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Table 2.1: Results of mixed model ANOVA on the thickness of the diffusive boundary layer 

(DBL).  Surface refers to the location of the profile (over the coral, coral-algal interface, or 

algae); flow is either low or high; and net presence is either present or absent.  Significant terms 

(P<0.05) are indicated in bold and nearly significant terms are italicized (0.05<P<0.10).   

 Numerator 
DF 

Denominator 
DF 

F P 

Net presence 1 76.57 14.82 0.0002 
Flow 1 77.16  11.59  0.001 
Surface 2 82.47 3.46 0.036 
Net presence x Flow 1 76.57 0.54  0.466 
Net presence x Surface 2 76.57 5.52 0.006 
Flow x Surface 2 78.64 0.33  0.716 
Net presence x Flow x Surface 2 76.57 2.81 0.066 
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Table 2.2. Results of mixed model ANOVA on surface oxygen concentration in the light.  

Surface refers to the location of the profile (over the coral, coral-algal interface, or algae); flow is 

either low or high; and net presence is either present or absent.  Significant terms (P<0.05) are 

indicated in bold and nearly significant terms are italicized (0.05<P<0.10). 

 Numerator DF Denominator DF F-value p-value 
Net presence 1 74.657 0.105 0.7463 
Flow 1 75.147 26.19 2.3 x 10-6 
Surface 2 81.15 29.05 3.06 x 10-10 
Net presence x Flow 1 74.657 0.071 0.7901 
Net presence x Surface 2 74.657 2.463 0.0921 
Flow x Surface 2 76.202 0.823 0.4428 
Net presence x Flow x Surface 2 74.657 2.836 0.0650 
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Figure 2.1. Mean log-ratio (± 95% Confidence Intervals) in light levels between sensors that 

were either close to (primary sensor), or isolated from (secondary), vermetids during periods 

when the sensor close to vermetids was covered by a mucus net (net present) or not covered by a 

mucus net (net absent) for each date sampled (circles represent the different dates: June 7, 9, 10, 

26, 30 and July 17). The second sensor provided a standard to adjust for temporal fluctuations in 

light intensity.  Mean log-ratio and confidence intervals are based upon observations of light 

levels (taken every second but averaged over 30s periods) on the sensors near vs. isolated from 

vermetids.  Departures of the log-ratio from 0 in the absence of the net simply indicate that one 

sensor was in a location or orientation that received slightly more (or less) light on average.  If 

vermetids reduced light levels, then the log-ratio should be reduced (e.g., become more negative) 

when nets were deployed (i.e., the mean log-ratio when nets were present should consistently lie 

below the log-ratios when nets were absent) 
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Figure 2.2. Mean (± SE; n=15 for algae absent and 19 for algae present) a) retention time of 

fluorescein dye, and b) fluorescein dye concentrations (after 2 s), over corals when algae are 

absent and when algae are present at the coral-algal interface, and when vermetid snail mucus 

nets are absent (no net) or present (net). Both algal presence and mucus nets led to significant 

increases in fluorescein dye retention times (P=0.0131 and P=0.0008, respectively).  Nets also 

led to higher concentrations of fluorescein dye (P=0.045) 
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Figure 2.3. Mean (±1 SE; n ranges from 6-8) diffusive boundary layer thickness (DBL) over: a) 

coral, b) the coral-algal interface, and c) algae, at two flow speeds (low: triangles; and high: 

circles) in the presence and absence of a vermetid net. DBLs were thicker in the presence of nets 

over coral and the coral-algal interface, but not over the algae. Under most conditions, increased 

flow reduced thickness of the DBL, except over the coral-algal interface and over algae, in the 

presence of nets.  See Table 1 for statistical analyses. Letters refer to Tukey HSD post hoc 

analyses, where the same letters indicate no significant difference where groups with different 

letters indicate significant differences at a P < 0.05  
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Figure 2.4. Mean (±1 SE; n ranges from 6-8) surface oxygen concentrations in the light over (a) 

coral, (b) the coral-algal interface, and (c) the algae, at two flow speeds (low: triangles; high: 

circles). The effects of mucus are influenced by the flow regime and the surface type (Table 2). 

Letters refer to Tukey HSD post hoc analyses, where different letters indicate significant 

differences at a P < 0.05  
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2. Appendix  

2A Table 1: Results of Mixed Effects Model evaluating the effect of net cover on the log-ratio of 

light levels with random effects of date and time. Results were analyzed using the lme4 packages  

(Bates et al. 2015). This test ignores temporal autocorrelation in the time series and thus likely 

inflates the error degrees of freedom. We prefer the analysis provided in the main text; however, 

we include this analysis for completeness.  Because neither analysis provides evidence for a 

consistent effect of vermetid nets on light, we conclude that our interpretation that effects of 

vermetids on light are small (or non-existent) is robust to the specific approach take to analyze 

the data.  

  

 

 

 

 

  

 

Estimate SE df t value P 

(Intercept) -0.034 0.049 6 -0.69 0.52 

Net Cover -0.01 0.006 3180 -1.48 0.14 
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2A Table 2: Mean ± SE (sample size) of retention times of fluorescein dye over corals and the 

coral-algal interfaces.  

 

  

Surface 

Retention time (s)  

Net Present Net Absent Net Present – Net 
Absent 

Coral 13.8±1.5 (15) 7.9±3.9(15) 5.9±1.2 (15) 

Interface 22.7±14.4 (19) 11.6±9.7 (19) 11.1±4.7 (19) 
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2A Table 3: Mean±SE (sample size) thickness of the diffusive boundary layer (DBL) over the 

coral, the coral-algal interface, and over the algae (algal turf).  

Surface Flow Net (µm) 
 

No Net (µm) 

Coral 
Low 1944.4±165.1 (6) 1180.6± 251.8 (6)  

High 1175.6± 303.9 (7) 982.1±245.7 (7) 

Interface 
Low 2083.3±113.1 (8) 1575.5±267.4 (8) 

High 1966.1±69.4 (8) 494.8±167.9 (8) 

Algae 
Low 1406.2±151.2 (8) 1666.6±167.0 (8) 

High 1354.1±168.0 (6) 1180.5±69.4 (6) 
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2A. Figure 1. (a) Photograph of the top of a coral bommie, showing the vermetid (C. 

maximum: C.max), live coral (massive Porites), algal turf, and mucus nets (the opaque, 

spider-web like material covering the algae and coral with bubbles forming underneath 

the net). (b) Image of massive Porites coral, algal turf and the interface between them, 

near a vermetid that has not yet exuded a net.  (c) Image of massive Porites coral, algal 

turf and vermetids with mucus nets deployed (the nets are the opaque spider-web like 

material).  
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2A. Figure 2. Raw data for oxygen concentration profiles in the light. Measurements were taken 

in 100µm steps from the surface of the coral, the interface or the algal turf.  Rows give results for 

different surfaces (Coral in orange; coral-algal interface in blue; algae in green). Columns give 
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results in the presence vs. absence of nets and under low vs. high water flow. DBL thickness and 

initial oxygen concentrations were extracted from these data.  
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CHAPTER 3 

ALGAE DICTATE MULTIPLE STRESSOR EFFECTS ON CORAL MICROBIOMES2 

  

                                                
2 To be submitted to Coral Reefs, and authored by A.L. Brown, E. K. Lipp, C.W. Osenberg. 
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Abstract 

  Most studies of stressors focus on the response of traditionally classified organisms (e.g., 

via effects on growth, mortality or physiology); however, most organisms have microbial 

associates that may mediate the response of the host to the stressor. Additionally, organisms 

rarely experience one stressor alone, but instead are bombarded with multiple, potentially 

interacting stressors. I evaluated how coral microbiomes responded to two two biotic stressors: 

the vermetid gastropod, Ceraesignum maximum, and algal turfs, both of which have been 

previously shown to decrease coral growth, survival and photophysiology. I collected coral 

mucus in the presence vs. absence of both algae and vermetids and then sequenced the 16S 

rRNA gene to characterize the coral surface microbial communities. The presence of algae had 

much greater effects than vermetids on coral microbial community alpha diversity and 

community composition, which is likely driven by the increases in rare members of the 

community. Algae led to lower variation across communities, which I hypothesized was due to 

the way in which algae changed the physical environment when they were present. In contrast, 

vermetids had only small effects on microbial communities, although other studies demonstrate 

that vermetids have deleterious effects on coral growth. I suggest that algae primarily affect 

corals through their effects on microbes whereas vermetids primarily affect the host directly; 

these complementary effects may limit the extent to which stressors can interact.  

 

Introduction 

Ecological systems are affected by multiple stressors that can have negative effects on 

individuals and populations. These factors can be abiotic (e.g., extreme temperatures) as well as 

biotic (e.g., disease or predation). Rarely do stressors occur alone. More frequently, species 
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experience multiple stressors concurrently (Lenihan 1999, Boone et al. 2007, Buck et al. 2011). 

When stressors combine, their effects can be additive (in which the effects of the stressors are the 

sum of their effects alone), antagonistic or synergistic (in which effects are smaller or larger, 

respectively, than the effects predicted under the assumption of additivity; Crain et al. 2008, 

Darling and Côté 2008). Often, the effects of stressors on individuals are measured by 

differences in physiology, growth or survival. For example, pollutants and predators combine 

synergistically to increase mortality of tadpoles (Relyea & Mills 2001). However, nearly all 

organisms are associated with microbial communities (Wahl et al. 2012), which also respond to 

environmental pressures.  Studies of holobionts (the microbial communities plus host tissues, 

Mindell 1992, Rohwer et al. 2001) are beginning to explore how stressors affect host-associated 

microbial communities. 

Changes in host-associated microbial (here I focus on bacterial) communities are often 

associated with stress. For example, increases in temperature can lead to changes in the diversity 

(i.e., the number of unique groups present) of the microbiome of sessile species (Vega Thurber et 

al. 2009), and changes in nutrient regimes (e.g., diet) can lead to compositional shifts in the 

human gut microbiome (Turnbaugh et al. 2009). Often, however, many studies of microbiomes 

have only looked at single stressors and we do not understand how combinations of stressors can 

influence microbial communities, especially in critical ecosystems like coral reefs.  

Coral reefs are highly diverse ecosystems that experience local and global stressors, like 

temperature increases, nutrient pollution and disease. These stressors affect the health, survival 

and growth of corals, and are likely mediated through effects on their microbial communities. 

Corals are holobionts that are composed of host tissue plus a diverse array of microbial 

associates, including bacteria, viruses, and fungi (Rohwer et al. 2001, Peixoto et al. 2017). 
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Hereafter, I focus on prokaryotic microbes (i.e., bacteria).  Coral bacterial communities can be 

found in coral tissues (Sweet et al. 2011, Davy et al. 2012), in their gastrovascular canal (Sweet 

et al. 2010, Davy et al. 2012), as well as on their surface mucus layer (Rohwer et al. 2001, Sweet 

et al. 2011, Davy et al. 2012). Although not well described, these bacterial communities are 

associated with nutrient cycling (Davy et al. 2012) and defense (Davy et al. 2012, Reshef et al. 

2006, Peixoto et al. 2017). Indeed, the surface mucus layer of corals is considered the coral’s 

first line of defense, as it is the first area of a coral that comes in contact with the environment.  

Single stressors, like increased temperature and DOC and reduced pH, are all associated 

with changes in coral surface microbial communities (i.e., in alpha diversity, beta-

diversity/composition; Vega Thurber 2009, McDevitt-Irwin et al. 2017).  Recently, combinations 

of abiotic stressors (increased temperatures and ocean acidification) and biotic stressors (nutrient 

increases and predation) have been shown to change coral microbial communities (Webster et al. 

2016, Shaver et al. 2017). However, few studies explore the potential effects of multiple biotic 

stressors on coral microbial communities.  

Macroalgae (hereafter referred to as algae) decrease coral growth (Jompa & McCook 

2003), increase coral bleaching (Rasher & Hay 2010), and decrease coral survival (Kuffner et al. 

2006). Furthermore, algae has been implicated in changes in coral microbial communities near 

the point of contact i.e., the interface of coral and algae (Barott et al. 2011, 2012). Algal presence 

leads to increases in alpha diversity (Vega Thurber et al. 2012) and compositional changes, 

including increasing the relative abundance of heterotrophic bacterial groups and groups that are 

implicated in coral diseases (Nugues et al. 2004, Vega Thurber et al. 2012, Sweet et al. 2013). 

Algae also lead to increases in beta-diversity: higher variation across coral microbial 

communities (Zaneveld et al. 2016).  
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The mechanism underlying effects of algae on coral is that algal-derived photosynthate 

(dissolved organic carbon, DOC) fuels microbial growth or changes in microbial communities, 

and leads to hypoxic conditions on coral surfaces via increased microbial respiration, which 

could result in lower coral cover through coral death (Kline et al. 2006, Smith et al. 2006, Barott 

et al. 2011). Among the algal groups that are known to have the greatest effect on microbial 

communities are multiphyletic, filamentous algal turfs, due to their high production of DOC 

(Nelson et al. 2013). However, this hypothesized pathway is only possible when water flow is 

low and diffusive boundary layers (regions of molecular transport) are thick enough to create 

conditions that would allow for the retention of DOC or low O2 (Wangpraseurt et al. 2012, 

Brown & Carpenter 2013, Haas et al. 2013, Jorrisen 2016).  

Vermetid gastropods, especially the largest species, Ceraesignum maximum, are another 

group known to induce deleterious effects on corals, including decreased growth (Shima et al. 

2010, 2013), decreased survival (Shima et al. 2010), and decreased photosynthetic yield (Shima 

et al. 2015).  Vermetids are sessile gastropods that feed by casting a mucus net that covers the 

nearby benthos and collects particles from the water column. The putative mechanism 

underlying these effects of vermetids on corals is their mucus net. However, the effects of 

vermetids on microbes are unknown.  

Recently, it has been shown that vermetids can also create thicker boundary layers around 

corals (Brown & Osenberg 2018; Chapter 2), especially when algae are present.  As a result, I 

expected that vermetid mucus nets would create low-flow conditions that would facilitate the 

growth of microbes in ways that were comparable to effects of algae on coral microbes.  Thus, I 

expected that 1) effects of vermetids on microbial communities would be similar to effects of 

algae; and 2) the combined presence of vermetids and algae would lead to synergistic changes in 
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coral microbiomes.  Specifically, I asked if there is evidence of multiple stressor effects on coral 

microbial communities via changes in alpha diversity (rarefied and Chao1 richness measures, 

and Shannon Diversity), beta diversity (i.e., within group variance) and compositional changes 

that lead to increases in heterotrophic groups (i.e., potential pathogens like Vibrios).   

 

Methods 

System 

Samples were collected on the north shore shallow back reef environment of Mo’orea, 

French Polynesia in the austral winter 31 July 2014 (S17° 28.466' W149° 47.313'). Ceraesignum 

maximum in Mo’orea reach high abundances (up to 30 snails m-2, Shima et al. 2010, but see 

Brown et al. 2016). Vermetids can only settle to areas that have been previously disturbed, as 

they cannot settle to living coral (Phillips et al. 2014).  Thus they are frequently located on 

bommies (i.e., reefs) composed of a mosaic of living coral and other benthic components, like 

algal turfs. Algal turf is a functional group made up of a collection of filaments that belong to a 

multiphyletic functional group (Steneck & Dethier 1994). Algal turf is frequently in contact with 

massive Porites corals in the back reef of Mo’orea (Brown & Carpenter 2014). Massive Porites 

is a species complex of visually indistinguishable mounding corals that are 1-2m in height. The 

taxonomy of the massive Porites species complex is ambiguous (Forsman et al. 2009, 2015), but 

are frequently assigned to Porites lobata, Porites lutea, and Porites austrialiensis. Vermetids are 

frequently located on bommies that were once living massive Porites, but are typically a mosaic 

of live coral, dead coral, algae and other sessile groups.  As a result, vermetid nets often overlay 

interactions between massive Porites and algal turf. 
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Sampling 

I sampled coral mucus from 10 massive Porites bommies, all of which also had the 

vermetid, C. maximum, as well as algal turf. On each reef, I placed two, 5 x 5 cm quadrats 

around the interface between the massive Porites colony and the algal turf.  One quadrat was 

placed near a C. maximum (i.e., vermetid present treatment), and the other was placed >20 cm 

away from the nearest vermetid (i.e., vermetid absent treatment).  Twenty centimeters is the 

maximum reach of the net of a vermetid (Allen-Jacobson 2018). Coral-algal turf interfaces were 

~7 cm in length. Ten milliliter syringes were used to agitate coral surfaces and then collect 

mucus from two locations within each quadrat: 1) from the coral that was within 2 cm of the 

coral-algal interface; and 2) from the coral 5 cm away from the interface  (Fig 3.1). Previous 

work has shown that the microbiome >5 cm away from the coral-algal interface is devoid of any 

effect of the algae (Barott et al. 2011, but see Pratte et al. 2017, where they found a small effect 

of algae 5 cm away from the interface).  Samples were transported on ice to the lab.  Mucus was 

allowed to settle to the bottom of the syringe, and then ejected into a 1.5 mL micro-centrifuge 

tube and spun down to a pellet in a centrifuge at 10,000 RPM, for five minutes. In addition to the 

coral mucus samples, we also collected water samples (n = 8) and sediment samples (n = 4). 

Water was collected with a 10 ml syringe mid water column at haphazard locations along the 

reef; 2 ml of each water sample was frozen.  Sediments were collected haphazardly in Whirlpaks 

©.  In the lab, approximately 0.5 g of sediment were inserted into 1.5 ml microcentrifuge tubes. 

Coral mucus, water, and sediment samples were frozen in a -80°C freezer and later transported 

on dry ice to the University of Georgia, where samples were immediately placed in a -20°C 

freezer until extracted.  
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Extractions 

All samples were extracted using methods outlined in Boström et al. (2004) with minor 

modifications.  I included a bead-beating step, in which I initially added 0.04g glass beads 

(Omega Biotech), and then after adding lysozyme (concentration: 1mg ml-1), vortexed the 

samples for 10 minutes at full speed with a vortex adapter (© Mobio). At the end of the 

extraction, pellets were eluted in 25 µl of Qiagen Elution buffer. To remove PCR inhibitors, I 

added equal volumes of magnetic beads in PEG solution. PEG coats the beads and “grabs” DNA 

(Rudi et al. 1997). Following two wash steps in 200 µl of 80% ETOH, a final volume of 25 µl of 

Omega Elution buffer was added to elute the DNA and beads.  

Sequencing 

Extracted DNA was sent to a commercial laboratory for sequencing 

(www.mrdnalab.com, Shallowater, TX, USA) on an Illumina MiSeq platform. The V4 region of 

the 16S rRNA gene was sequenced using the 515F/806R primer pair with the barcode on the 

forward primer.  The company performed PCRs on the samples. They used a 30 cycle PCR using 

the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 94°C for 3 

minutes, 28 cycles of 94°C for 30 seconds, 53°C for 40 s and 72°C for 1 min, and a final 

elongation step at 72°C for 5 minutes. Samples were purified using calibrated Ampure XP beads. 

The PCR products then were used to prepare the DNA library using the Illumina TruSeq DNA 

library preparation protocol. Raw sequence data were returned to UGA for analysis.  

Bioinformatics and Analysis 

 I assembled data using the QIIME pipeline (Caporaso et al. 2010, 2011). I used SeqPrep 

to assemble the forward and reverse reads. Chimeras (incorrectly merged sequences) were 

identified using usearch61 (Edgar 2010) and the Greengenes database (Feb 2011, DeSantis et al. 
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2006), and subsequently removed. OTUs (operational taxonomic units) were assembled using 

open reference frame OTU picking, which matches sequences to the Greengenes database at 

97% sequence similarity (McDonald et al. 2012, Werner et al. 2012), and clusters the remaining 

OTUs de novo (uclust, Caporaso et al. 2010, Edgar 2010). Following OTU classification, non-

bacterial, mitochondrial and chloroplast sequences were removed, and data were compiled into a 

biom table that was imported into R (version 3.3.2, R Core Team, 2016) for further analyses.  

Microbial sequence data were analyzed using the phyloseq (McMurdie and Holmes 

2013) and vegan packages (Oksanen et al. 2017). For alpha diversity analyses, samples were 

rarefied to an even sampling depth and then richness (number of unique OTUs), rarefied 

richness, Chao1 richness, and Shannon diversity were calculated using the phyloseq package.  

These analyses were performed with and without the water and sediment samples. Treatment 

effects on rarefied richness, Chao1 richness and Shannon diversity were determined using a 

linear model with vermetid presence/absence crossed with algal presence/absence, and reef as a 

random effect.  Water and sediment were excluded from this analysis, but included in a graphical 

presentation: see Appendix 3A.Figure 1. 

For compositional and beta diversity comparisons, I summarized the data (not rarefied) at 

the family level and used the number of sequences per sample to estimate relative abundances. I 

examined differences in beta diversity (among samples within a treatment) and evaluated 

variation across treatments using multivariate homogeneity of group dispersions (betadisper the 

equivalent of PERMADISP, in the vegan package in R, Oksanen et al. 2017) based on Bray-

Curtis dissimilarity matrices. These values represent distances from each sample to its group’s 

centroid.    
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I visualized the relative abundances of OTUs at the family level using non-

multidimensional scaling of Bray-Curtis dissimilarity matrices, in which each sample was 

represented as a point in the nMDS space. I conducted two visualizations: one with and one 

without the water and sediment samples. The data from the crossed design (Algae x Vermetid) 

were analyzed for differences in composition with PERMANOVA using the adonis function in 

the vegan package in R (Oksanen et al. 2017)  

Using the families that significantly contributed to differences observed in the nMDS plot 

(significance based on 999 permutations), I compared the relative abundance differences of each 

family separately using the crossed design (Algae x Vermetid). Lastly, because the genus Vibrio 

includes coral pathogens (Vezzulli et al. 2010, Peixoto et al. 2017, Kemp et al. 2017), I also 

compared the relative abundance of OTUs that were assigned to the genus Vibrio.  

For all linear models, data were analyzed using a linear mixed effects model from the 

lme4 (Bates et al. 2014) and lmerTest packages (Kuznetsova et al. 2016) with Satterthwaite 

approximation for degrees of freedom. Fixed effects were Vermetids, Algae and Vermetids x 

Algae. I treated bommies from which corals microbes were sampled as a random effect (random 

intercept). 

Results 

After quality filtering, I had a total of 4,777,381 sequences across all samples. The 

average number of sequences per sample was 78,317 ± 44,176 (±sd; n=52 samples).  After 

rarefying (without water and sediments), each sample contained 11,629 sequences. Rarefied 

OTU richness (alpha diversity) increased approximately 2-fold in the presence of algae 

(p<0.001) but did not change significantly in the presence of vermetids (F1,30 = 2.18 p=0.15).  

There was no interaction (F1,30 = 0.08, p=0.77, Fig 3.2a) suggesting the absence of a synergistic 
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or antagonistic effect between algae and vermetids. Shannon diversity index, which takes into 

account evenness as well as richness, showed similar results (Fig 3.2c, Shannon: algae: F1,30 = 

42.4 , p <0.001; vermetids: F1,30 = 1.7, p = 0.2; interaction: F1,30=0.09, p = 0.76 ). Similarly, 

Chao1 richness, which estimates total richness by considering the number of rare species showed 

an effect of algae  (Fig 3.2b, Chao1: algae: F1,30 = 38.15, p < 0.001), a weak (but not significant) 

effect of vermetids, (vermetids: F1,30 = 3.0, p = 0.09), and no interaction (F1,30 = 0.06, p = 0.81 ). 

Sediment and water samples had lower rarefied richness, Chao1 richness, and Shannon diversity 

(See Appendix 3AFigure 1).  

  Beta diversity (compositional variation among corals within the same treatment) was 

high for all coral treatments (Appendix 3AFigure 2), and variance was lower when algae were 

present (Fig 3.3, Algae: F1,40 = 13.25, p = 0.0008, Vermetid: F1,40 = 0.67, p = 0.42, Algae x 

Vermetid: F1,40 = 1.12, p = 0.30). Although this result indicates heterogeneity in multivariate 

dispersion, I continued to analyze the data with a PERMANOVA, because the balanced design 

should be robust to departures from multivariate homogeneity (Anderson and Walsh 2013). 

Microbial composition changed due to algae (Table 3.1; Figure 3.4), but not vermetids (Table 

3.1); again, there was no significant interaction between algae and vermetids (Table 3.1).   

The composition of the coral microbiome varied among treatments.  Sediment and water 

samples separated from the coral samples in the nMDS plots (Appendix 3AFigure 2), which 

indicate that the samples I took on coral surfaces reflected the microbiomes of the corals, not 

contamination from the sediment or water. I observed 44 common families (present in more than 

3% of a sample) out of 254 total families detected in the coral mucus samples (Figure 3.5). 

Endozoicimonaceae, Phyllobacteriaceae, Comamonadaceae, Verrucomicrobiaceae, and 

Rhodobacteraceae were common, making up 25-80% of all sequences in a sample. Treatments 
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with algae had a greater number of rare families (rare defined as groups present in <3% relative 

abundance). There were several families that led to significant separation of treatments in nMDS 

space, and likely led to the significant effect of algae on community composition. Common 

marine bacteria that are not well described (e.g. Planctomycetaceae, Figure 3.6f) were 2x more 

abundant on corals near algae, compared to corals not near algae. Heterotrophic, potentially 

pathogenic bacterial groups (i.e., Flavobacteriaceae, Bdellovibrionaceae, Piscirickettsiaceae, 

Clostridiaceae, Legionellaceae and Rhodobacteraceae: Figures 3.6b-h) also were more abundant 

in the presence of algae. Two of these families, Legionellaceae and Rhodobacteraceae (Figures 

3.6g,h), also showed a slight increase in the presence of vermetids. Fusobacteriaceae, which 

contain pathogenic taxa as well as taxa that require lower oxygen concentrations (Olsen 2014, 

Staley and Whitman 2010), increased the most when both algae and vermetids are present (Fig. 

3.6i). Endozoicimonaceae, a family that includes potential coral symbionts (Neave et al. 2016), 

were 3x more abundant in the absence of algae (Figures 3.6a, p <0.001), but showed no effect of 

vermetids, nor an interaction between algal and vermetid presence.  

 The relative abundance of Vibrios did not differ significantly among the treatments 

(Figure 3.7, Algae: F1,27 = 0.95, p=0.34; Vermetid: F1,27 = 0.002, p =0.96; interaction: F1,27 = 

1.25, p = 0.27),. 

Discussion 

 Frequently, multiple stressor studies have focused on the growth, survival and other 

physiological aspects of an organism’s phenotype. Here, I tested the effects of two stressors, 

algae and vermetids, which have previously shown negative effects on corals when tested alone. 

I observed one stressor had a greater effect on corals than the other: algae had an 

overwhelmingly larger effect on coral microbial communities compared to vermetid mucus nets.  
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The combined effect of both stressors primarily reflected the effects of algae; there was no 

indication of a synergism or antagonism.  

Algae increased alpha diversity (rarefied richness), Chao1 richness, and Shannon 

diversity in the coral microbial community Figure 3.2), which was likely caused by an increase 

in rare taxa (Figure 3.5). The increase in taxa may be the result of increased availability of 

substrate (i.e., dissolved organic carbon) produced by algal turf and retained near the coral 

surface by the complex topography created by turf filaments (Carpenter & Williams 1993, 

Wangpraseurt et al. 2012). Algal turfs are among the most prolific producers of DOC, and can 

increase diffusive boundary layer thickness (Carpenter & Williams 1993, Brown & Carpenter 

2013), especially when filaments are ungrazed (Carpenter and Williams 1993, Jorrisen et al. 

2016). These conditions are known to encourage high microbial growth (Kline et al. 2006, Haas 

et al. 2011). Previous studies that examined changes in microbial communities on Montastrea 

and Porites corals also have shown increased bacterial alpha diversity near algae (Barott et al. 

2011, Pratte et al. 2017).  The increases in rare microbial members likely contribute to the 

separation in communities near vs. far from algae that was observed in the nMDS and the 

PERMANOVA results (Figure 3.5). 

In many ecosystems increased alpha diversity is hypothesized to increase ecosystem 

function (Tilman et al. 2014); however, in coral microbial systems, increased diversity is often 

associated with disruption in the normal functioning of an organism, and has often been 

associated with disease (Mera & Bourne 2017) and stress (McDevitt-Irwin et al. 2017). Thus, it 

is likely that the increased microbial diversity reflects an instability in host-associated (e.g., 

coral) microbial communities, which facilitates the invasion of deleterious microbes.  Indeed, 

algae and, to a lesser extent, vermetids, lead to similar communities that are composed of 
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microbial families that are associated with pathogens and/or can withstand low oxygen 

conditions (Figure 3.6). 

Increased beta-diversity is also associated with the presence of stressors (McDevitt-Irwin 

et al. 2017, Pratte et al. 2017) and hypothesized to indicate instability (Zaneveld et al. 2016, 

2017) in host-microbe relationships.  In contrast to this expectation, I observed a decrease in beta 

diversity (at the family level) in the presence of algae (Figure 3.4). This pattern may be driven by 

a homogenization of the physio-chemical conditions created at the coral-algal interface (i.e., low 

flow, retention of chemical conditions; Brown & Carpenter 2013, Brown & Osenberg 2018). 

Perhaps these conditions (i.e., high retention of DOC) are more similar across coral-algal 

interactions than are the conditions across coral surfaces in the absence of algae.  

Few microbial groups were affected by vermetids. However, Fusobacteriaceae relative 

abundance changed most drastically when both vermetids and algae were present (significant 

interaction, Figure 3.6i). Not only does this family of bacteria contain pathogens, its members are 

associated with low-oxygen environments (Olsen 2014, Staley and Whitman 2010). Thus, the 

environmental conditions that algae and vermetids create when both are present (i.e., low flow, 

maintained lower oxygen, Brown and Osenberg 2018, Haas et al. 2013) may allow for the 

increase in this family. However, other groups that are common in low to no oxygen 

environments increase just due to algal presence (e.g., Clostridiaceae), indicating that algal 

presence alone may lead to sustained low oxygen conditions (Haas et al. 2013). 

Several of the families that show higher relative abundances in the presence of algae and 

to a more limited extent, vermetids, commonly increase in the presence of stressors (i.e., 

Planctomycetaceae, Flavobacteriaceae), likely due to the increased substrate available for 

consumption (i.e., algal derived DOC). Although the genus Vibrio is associated with stress states, 
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and several coral diseases have been associated with bacteria in the genus Vibrio (Mera & 

Bourne 2017, Kemp et al. 2018), there were no significant differences in Vibrio relative 

abundance across treatments. Yet, I did observe increases in families that are associated with 

other pathogens (Piscirickettsiaceae, Bdellovibrionaceae, Legionellaceae, Rhodobacteraceae). 

The increase in Bdellovibrionaceae is especially interesting, as this group contains predatory 

bacteria that attack other bacteria, which may include other potential pathogens or beneficial 

microbes of the coral mucus (Martin 2002). This group has the potential to actively reduce other 

microbial groups, including potential coral symbionts.  

Endozoicimonaceae is a family that contains potential microbial symbionts that are 

associated with pathogen-resistance (i.e., acts as a probiotic, Morrow et al. 2012, Bourne et al. 

2013, Meyer et al. 2014, Neave et al. 2016, Peixoto et al. 2017). I observed reduced abundance 

of this family in the presence of algae, which may indicate that coral health was compromised at 

the point of contact with algae. Additionally, low Endozoicimonaceae relative abundance may be 

evidence of algae disrupting beneficial symbioses of corals and their microbial partners, allowing 

for an increase in the pathogenic and opportunistic groups observed.  

Because mucus nets can decrease water flow, and trap conditions near coral surfaces 

(Brown & Osenberg 2018), I hypothesized that this should lead to conditions ideal for 

microbially-mediated mechanisms of competition between corals and algae. I observed limited 

evidence of vermetids exacerbating algal effects: algal presence primarily drove the patterns on 

coral microbial communities through the proliferation of heterotrophic and pathogenic bacteria 

and reduction in symbiotic microbes.  Vermetids show a slight increase only in Chao1 richness 

(although p = 0.09), which takes into account missed singletons. The relative abundance of 

OTUs belonging to Rhodobacteraeae and Legionellaceae families show increases due to the 
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presence of vermetids as well as algae, indicating additive effects of vermetids. Fusobacteriaceae 

is the only family that shows evidence of a synergistic effect of algae and vermetids on relative 

abundance. Thus, there is weak evidence for multiple stressor effects on the coral microbiome.  

Variable mucus net cover may drive the weak vermetid effect: it is unknown if mucus 

nets need to reach a certain density over a coral-algal interaction in order to manifest retention 

effects. For example, previous studies show that increasing densities of vermetids lead to 

increased net cover over corals (Allen-Jacobson 2018), and coral lateral extension is most 

affected by vermetids when net coverage is high (Allen-Jacobson 2018). Additionally, it is 

possible that the time scale at which mucus nets lead to retention of solutes are not sufficiently 

long enough to create long-lasting changes in most microbial community members beyond 

which are created by algae alone. Mucus nets are cast every 30 minutes to an hour and then 

pulled back in and consumed by the snail (Kappner et al. 2000). Thus, members may not change, 

but microbial metabolism may be affected during the periods in which nets are covering 

interactions, which was not tested here (i.e., a switch towards increased respiration when the nets 

are present compared to a switch in dominant community members as suggested by Chapter 2). 

Alternatively, all of the reefs that were sampled had vermetids on them; hence, even if the 

presence of vermetids does affect microbial communities, then it is possible that all of the 

samples were affected by vermetid presence.  Future studies should be carried out on reefs 

completely devoid of vermetids versus with vermetids present to further evaluate the role of 

vermetids on coral microbial communities (see Chapter 5).  

Testing for the role of multiple stressors on reefs is an important task, as coral reefs are 

experiencing a multitude of new stressors that can result in both lethal and sub-lethal effects on 

corals (Harborne et al. 2017). Here I show evidence that although both algae and vermetids can 
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influence corals in isolation on different aspects of the coral holobiont, I only saw effects driven 

by algae on the microbial community. Thus, stressors do not act on all aspects of an organism. 

This may lead to downstream positive effects, in which at least parts of an organism are resilient 

to the effects of a stressor. For corals, uneven effects of sub-lethal stressors across the whole 

organism may lead to a greater propensity for recovery and resilience of corals, and the reefs that 

depend on them.   
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Table 3.1: PERMANOVA results based on the Bray-Curtis dissimilarity index. Terms in bold 

indicate significant differences in communities due to treatment.  

 

 

  
 df Sum of 

Squares 
Mean 

Squares 
F. Model R2 P 

 
Algae 1 1.91 1.91 9.16 0.20 0.01 
Vermetids 1 0.13 0.13 0.63 0.01 0.62 
Algae x Vermetids 

1 0.06 0.05 0.26 0.01 0.96 
Residuals 36 7.49 0.21  0.78  
Total 39 9.58   1  
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Figure 3.1: Images of (a) coral-algal interactions in the presence of vermetids (+V), and when (b) 

vermetids are absent (-V). Line marked “interface” shows sampling for the + Algae samples, and 

line marked “coral” shows sampling for the –Algae samples. 
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Figure 3.2: (a) Observed rarefied OTU richness. (b) Chao1 richness, (c) Shannon diversity (H’) 

for each treatment combination (means  ± SE; n=10). For each panel, algae had a significant 

effect on alpha diversity measures, whereas the effects of vermetids and the interaction between 

algae and vermetids were not significant.  
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Figure 3.3: Beta diversity (means  ± SE), measured as dispersion within a treatment (i.e., 

distance to centroid). Values are based on Bray-Curtis distance matrices of data summarized by 

family. Green circles (light and dark) indicate the presence of algae, and orange circles (light and 

dark) indicate the absence of algae. Algae significantly reduced dispersion (p <0.001), but there 

were no significant effects of vermetids or a significant interaction.  
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Figure 3.4: Non-multidimensional scaling plot, where each dot represents the mean ± se of each 

treatments’ microbial community. Points that are further away indicate communities are more 

different from each other.  Data are based on Bray-Curtis dissimilarity matrices of sample data 

summarized at the family level. Stress value indicates the fit is acceptable (Legendre and 

Legendre 1998). Dark green dots indicate both algae (A) and vermetids (V) present (+A, +V), 

light green indicates Algae present (+A, -V), light orange indicates vermetids present (-A, +V) 

and dark orange indicates coral only (-A, -V). 
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Figure 3.5: Relative abundance of OTUs belonging to different microbial families in each of the 

treatments. Bars represent a separate coral sample. Each color represents a different family. 

“Other” indicate OTUs from families present in < 3% of samples. 
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Figure 3.6: Mean (± SE) relative abundance for families that significantly contribute to 

compositional differences in nMDS space (significance determined by permutation test, 1000 

permutations, Oksanen et al. 2017). Green (light and dark) indicates algal presence, and Orange 

(dark and light) indicates algal absence. Asterisks indicate significant main or interactive effects 

(* = 0.01<p≤0.05, ** 0.001<p<0.01, *** 0<p<0.001).  
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Figure 3.7: Relative abundance of OTUs in the Vibrio genus (mean ± SE), known to increase 
after exposure to stressors as well as contains major pathogenic groups. There was a slight 
increase in Vibrios in the presence of Algae, but it was not significant (p > 0.05).  
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3.Appendix 

 

3A Figure 1: Mean ± SE of alpha diversity differences among sample type (water, sediment and 

coral). Samples were rarefied to the same depth (11597 sequences/sample). Coral is a 

combination of all four treatments in the main body of the paper. Corals, sediment and water 

showed differences in Shannon diversity (F1,49 = 3.32, p = 0.04); Rarefied Richness ( F1,49 = 3.44, 

p = 0.04) and a trend for Chao1(F1,49 = 2.8, p = 0.07), according to three separate one way 

ANOVAs.  
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3A Figure 2: Boxplot of beta diversity within a treatment, based on Bray-Curtis distance 

matrices of data summarized by family. Data are based on pairwise distances among samples. 

Values closer to 1 indicate more variation across samples in a treatment; values closer to 0 

indicates less variance within a treatment. The dark line indicates the median value, the top and 

bottom of the box are the 25th and 75th percentiles, whiskers give 1.5x IQR, and individual points 

correspond to outliers.  
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3A Figure 3: nMDS plot with water and sediment. Points are mean (± SE) for communities in 

each treatment in nMDS space. There are significant differences across sample types 

(PERMANOVA, p = 0.001, based on 999 permutations). 
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CHAPTER 4 

ALGAE AND VERMETIDS INFLUENCE DIFFERENT ASPECTS OF CORAL 

PHENOTYPE 3 

  

                                                
3 To be submitted to PLoS One, and authored by A.L. Brown, E.K. Lipp, and C.W. Osenberg. 
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Abstract 

 Interaction modifications occur when a third species modifies a pairwise interaction. On 

coral reefs, algae compete with corals for space and can reduce their growth and percent cover.  

A third sessile species (a vermetid gastropod) can also have negative effects on coral by reducing 

coral growth, survival and photophysiology. Because vermetids affect coral through their mucus 

nets, and because these nets might exacerbate the mechanisms by which algae affect corals, I 

hypothesized that vermetids intensified the deleterious effects of algae on corals. To test my 

hypothesis, I conducted manipulative field experiments in which I tested the effects of algae and 

vermetids on corals, as well as the effects of corals and vermetids on algae.  I conducted this 

study twice, once in 2013 (46 days) and once in 2014 (63 days). I quantified algal biomass and 

algal density (in 2013), coral growth rates (via calcification and lateral extension in 2013 and 

2014), and coral microbial communities (via sequencing 16S rDNA in 2014 only). I found no 

evidence for interaction modifications.  Coral lateral growth declined due to algae, and 

calcification rate decreased as vermetid mucus net cover increased. Vermetid mucus nets did not 

affect algal biomass or density, indicating no evidence for density-mediated indirect interactions. 

I also observed no clear effects of vermetids or algae on coral microbes on experimental corals. 

My results show vermetids and algae affect different aspects of the coral phenotype but that 

these effects are not likely mediated via a shift in the microbiome. These results indicate that 

although algae and vermetids have deleterious effects on corals, these stressors do not combine 

synergistically.  
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Introduction 

Species rarely interact in isolation. Pairwise interactions, such as competition or 

predation, can change in the presence of a third species (Wootton 1994). Density-mediated 

indirect effects arise when a third species alters the density of one of the interacting species, thus 

changing the overall intensity or outcome of a pairwise interaction. Trophic cascades are a 

common example of a density-mediated indirect interaction: e.g., sea urchins consume kelp, but 

in the presence of a third species (sea otters), the density of sea urchins is reduced through 

consumption by otters, which leads to an increase in kelp (Estes & Palmisano 1974).  

The presence of a third species can also lead to changes in the way two species interact. 

An interaction modification (also known as a higher order interaction, Vandermeer 1969, or a 

trait-mediated indirect interaction, Werner and Peacor 2003) arises when a third species changes 

the strength or direction of a pairwise interaction without a change in the density of the focal 

species. These trait-mediated effects can exceed the magnitude of density-mediated effects 

(Schmitz et al. 2004).  

One way in which interaction modifications occur is when the third species changes the 

physical environment in which two other species interact. For example, in mesic forest systems, 

saplings outcompete understory shrub species in sunlit conditions.  But in the presence of pine 

trees (which shade the environment), shrubs outcompete saplings (Pagès et al. 2003). Interaction 

modifications also arise through changes in the phenotype of the interacting species (i.e., trait-

mediated indirect interactions). For example, the presence of predator cues lead to morphological 

changes in competing wood and leopard frogs, and weaken the competitive effects of wood frogs 

(Relyea 2000). However, morphological traits are not the only aspect of the phenotype that can 
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be affected by interaction modifiers, their host-associated microbial communities can change as 

well.  

From humans to sponges, all species exist with microbial symbionts, forming a 

“holobiont” (the host and its microbes: Mindell 1992, Zilber Rosenberg and Rosenberg 2008, 

Rosenberg and Rosenberg 2018). Microbes can respond to changes in the abiotic environment 

(e.g., microbes on the surface of crustose coralline algae change in response to temperature: 

Webster et al. 2011) and to biotic interactions (e.g., human-human contact leads to microbial 

sharing, and convergence of microbiomes when people share common spaces: Lax et al. 2014). 

Combinations of stressors (e.g., nutrients and predators: Shaver et al. 2017; or ocean 

acidification and increased temperature: Webster et al. 2017) can also lead to changes in host-

associated microbial communities. However, no studies have viewed microbes as an aspect of 

the host phenotype that can change in response to other organisms and thus potentially mediate 

the strength of species interactions. Here, I examined interaction modifications, as potentially 

mediated through changes in microbial communities, on a coral reef.  

 Coral reefs are the most diverse ecosystems on earth (Bellwood et al. 2004). Currently, 

they are experiencing a multitude of stressors (Hughes et al. 2007, reviewed in Harborne et al. 

2017) that increase damage to corals, and allow other species to colonize newly exposed habitat 

next to living coral. Colonization of these openings on coral reefs by other organisms lead to 

direct interactions between corals and these benthic-space occupiers, like macroalgae (i.e., 

macroscopic algae). Macroalgae negatively impact corals through shading (Box & Mumby 

2007), abrasion (River & Edmunds 2001), overgrowth (Jompa & McCook 2002), and allelopathy 

(Rasher 2010). Additionally, the effects of algae on coral can be mediated through the microbial 

community (Smith et al. 2006). Algae leach dissolved organic carbon, which promotes microbial 
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growth, and can lead to shifts in the alpha diversity and beta-diversity and composition of 

microbial communities that inhabit coral surfaces (Nelson et al. 2013, Vega Thurber et al. 2012, 

Zaneveld et al. 2016). These changes in microbes can lead to hypoxia (Haas et al. 2013) or 

disease (Nugues et al. 2004), and can cause coral death (Smith et al. 2006).  However, the 

mechanisms underlying the effects of algae on corals can change depending on the physical 

environment.   

One aspect of the physical environment that modifies coral-algal interactions is water flow 

(Brown & Carpenter 2014). High flow reduces hypoxia, which likely limits the deleterious 

effects of algae on corals (Wangpraseurt et al. 2012, Brown & Carpenter 2013, Jorrisen et al. 

2016). Additionally, water flow can lead to changes in microbial communities, and buffer the 

effects of other stressors (e.g., temperature, Lee et al. 2017). Thus, a species that can modify the 

water flow environment can likely modify coral-algal interactions.  One such species is the 

vermetid gastropod, Ceraesignum maximum (C. maximum), a ubiquitous member of shallow 

reefs on coral reefs in the South Pacific and Red Sea (Hadfield et al. 1976). 

Ceraesignum maximum is a sessile gastropod that is frequently observed embedded in the 

coral matrix. To feed, the gastropod casts out a mucus net, with which it collects plankton from 

the water column. After 30-40 minutes, the snail retracts the net, consuming the net and its 

contents. At high densities (>8 per m2), these nets consistently cover coral surfaces (pers.obs). C. 

maximum decrease the growth, survival and photophysiology of corals (Shima et al. 2010, 2013, 

2015), presumably because of effects mediated through the mucus net. Mucus nets reduce water 

flow at the surface of corals (Brown and Osenberg 2018), which has the potential to alter 

microbial communities associated with the corals. Indeed, the likely mechanisms underlying 

vermetid-coral interactions are similar to the mechanisms underlying coral-algal interactions. 
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Thus, it is possible that vermetids may intensify effects of algae on corals by enhancing the 

mechanism underlying the effects of algae on corals. In other words, it is likely that vermetids 

modify the strength of the interaction between coral and algae.   

I tested the hypotheses that vermetids enhance the deleterious effects of algae on corals using 

manipulative field experiments, repeated in two consecutive years (2013 and 2014).  In 2013, I 

also examined the effects of vermetids and corals on algae to determine if there were any 

density-mediated effects of vermetids on coral-algal interactions. In 2014, I further explored if 

possible effects were mediated, in part, through changes in the coral’s microbial community. 

 

Methods 

Experiments were conducted in the back reef environment on the northshore of Mo’orea, 

French Polynesia (S17° 28.466' W149° 47.313'), where vermetid gastropods reach high 

abundances (up to 30 snails m-2, Shima et al. 2010, but see Brown et al. 2016), and their nets 

often overly regions in which live coral and algae abut.  On the backreef of Mo’orea, the most 

common coral-algal interaction arises between massive Porites and algal turf (Brown and 

Carpenter 2015). Algal turf is a functional group made up of a collection of filaments that belong 

to a multiphyletic functional group. Massive Porites is a species complex of ambiguous 

taxonomy (Forsman et al. 2009, 2015) but often assigned to Porites lobata, Porites lutea or 

Porites austrialiensis. Field experiments ran for 46 days (May - July) in 2013 and for 63 days 

(May - August) in 2014.  

Field Manipulation  

Cores were removed from a reef using a pneumatic drill with a hole saw attachment (diameter = 

5 cm). The hole saw was positioned so that half of the core consisted of live massive Porites and 
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half of the core was algal turf.  In 2013, I collected 90 cores, and, in 2014, I collected 52 cores.  

Cores were brought to the Richard B. Gump Marine Station, where I sawed off excess calcium 

carbonate with a Dremel (©) to create cores of equal height (~1.5cm). In 2013, I created three 

types of cores: controls (“+Algae”; with both algae and coral intact); “-Algae” (in which I 

scraped algae off half of the core using tweezers and/or razor blades but left the coral intact) and 

“-Coral” (in which I removed coral tissue using a waterpik, but left the algae intact). In 2014, I 

created only two types of cores: “+Algae” (with both algae and coral intact) and “-Algae” (in 

which I removed algae from half of the core).  Each core was then affixed to its own labeled 

plastic mesh base using marine epoxy (©Splash Zone), photographed, buoyant weighed (Davies 

1989). In 2013, I also estimated the ash free dry mass of algae (on all cores with algae) by 

scraping off two, 1x1 cm2 areas from each core, combining that algae in tinfoil weigh boats, 

drying them at 37oC, measuring dry mass, and then combusting the sample in a muffle furnace at 

500oC and reweighing the sample. Cores were then taken to the field and either placed directly 

into the experiment (see below; in 2013) or acclimated to field conditions for 1 week before 

going into their treatments (in 2014).  

 Thirty (in 2013) or 26 (in 2014) reefs with similar densities of vermetids were found 

within an area of approximately 2000 m2. Reefs were originally formed by massive Porites 

colonies, but at the time of the experiment were mostly dead coral (due to the effects of 

Acanthaster plancii and a cyclone, Adam et al. 2011). Each reef had ~7 C. maximum on the top 

where cages were eventually placed. Half of the reefs were assigned to one of two treatments: “+ 

Vermetids” and “- Vermetids”. I removed snails using small chisels and wire hooks from the 

reefs in the –Vermetid treatment, vermetids were not manipulated on the +Vermetid reefs.  One 

cage (diameter = 25-55cm, height = 35cm, diameters based on size of the flat-area on top of reefs 
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where cage was placed) made of plastic mesh (2cm) was affixed to bommies using U-nails. One 

of each of the three (2013) or two (2014) types of cores was placed in each cage. Each week, 

cages were scrubbed, and algae were plucked off of coral-only treatments using tweezers. 

Additionally, the proportion of the core that was covered in vermetid mucus was visually 

estimated once each week (see Appendix 4A.Figure 2).  At the end of the experiments, cores 

were retrieved. Cores were re-photographed and reweighed using the buoyant mass technique 

(Davies 1989). In 2014, for cores with algae, I scraped off all of the algae and determined their 

ash-free dry mass.  Experiments ran from May-July 2013 (46 days) and from May-August (63 

days).   

Changes in coral 

Mass 

 Coral buoyant mass was converted to skeletal accretion using equations from (Davies 

1989). Change in skeletal mass was calculated as: 

  Growth rate: G = (Mf –Mi)/Si)/t       (1) 

where M = skeletal mass at either the final (f) or initial (i) sampling date, Si = initial surface area, 

of living coral and t is the duration of the experiment (either 46 or 63 days). Initial surface area 

was determined by tracing the outline of the coral from the photographs using ImageJ (Schneider 

et al. 2012).  

Lateral Extension 

I also used the photographs taken at the start and end of the experiment to quantify the 

amount of lateral extension in the zone of the algal-coral interaction. To determine lateral 

extension towards or away from the coral-algal interface, a line was drawn through the coral side 

of the core (Appendix 4A.Fig 1, “Reference Line”) approximately parallel to the border 
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separating the coral and algae, and two additional lines were drawn perpendicular to the 

reference line.  The lines were matched in the final and initial photos using landmarks on the 

mesh grid to which the core was affixed. The area of live coral (A) demarcated by these three 

lines and the leading edge of the coral was measured using ImageJ (Schneider et al. 2012).  This 

area was divided by the length of the reference line between the two other lines (L) to yield the 

average distance of the coral edge from the reference line.  I then subtracted the initial distance 

from the final distance and divided this difference by the duration of the experiment to estimate 

the daily rate of lateral extension:  

 Lateral Extension Rate: E = (Af/L – Ai/L)/t     (2) 

Changes in Algae 

Algal biomass and density  

 Area of algae was estimated from photographs in 2014 by tracing the area of the core 

covered by algae using ImageJ (Schneider et al. 2012).  Algae growing on the Z-spar epoxy was 

excluded from these estimates.  To calculate change in algal density, AFDM was divided by the 

area sampled (i.e., by AF at the end of the experiment and by 2 cm2 at the start, Eq. 3). I also 

quantified the change in total algal biomass by subtracting the initial estimated AFDM of algae 

(scaled up to the area of the algae that covered the core based on the 2 cm2 sample) from the 

algal density scaled up to the total area at the end of the experiment (Eq. 4). 

 

 Change in algal density (g/cm2): D =  AFDMF/AF– AFDMI/2    (3) 

 Change in algal biomass (g): B = (AFDMF/cm2)*AF –(AFDMI/cm2)*AI (4) 
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 For the AFDM samples, several samples were lost so (n =13) for –Coral, -Vermetid and 

10 for +Coral, -Vermetid, and (n = 10) for –Coral, +Vermetid, and (n = 11) +Coral, + Vermetid.  

Microbial communities 

In 2014, I sampled microbial communities on corals (n = 43), algal turf (n = 24), 

vermetid nets (n = 13), and sediment (n = 2) the day before the end of the experiment to 

determine how interactions with algae and vermetids influenced coral microbes. I collected 

vermetid mucus nets by swirling the nets onto sterile cotton swabs. To sample coral microbes, I 

gently agitated the surface of the coral (to waft away sediments and vermetid mucus), and then 

collected the coral mucus using a 10-ml syringe. To sample the algal turf, I used tweezers to 

remove algal turf filaments and collected them into a whirlpak ©. In between algal turf 

collections I waved the tweezers in the water column to reduce any cross-contamination. I 

collected sediment samples by scooping sediment into whirlpaks ©. Samples were brought back 

to the lab on ice. Samples of coral mucus had settled to the end of the syringe and this mucus 

was inserted into 1.5ml microcentrifuge tubes, spun down (at 10,000 RPM, for five minutes) and 

any excess water was removed. Algal samples were placed in 1.5ml tubes (at a volume of 

~200ul, loosely packed). I placed 0.5µl of sediment in 1.5ml centrifuge tubes. Samples were 

frozen in a -80°C freezer and transported frozen to UGA, where they were transferred to a -20°C 

freezer.  

Samples were extracted using Qiagen PowerSoil kits and sent to IMR CGEB (http://cgeb-

imr.ca/) for sequencing, where the V4 region of the 16s rDNA gene was amplified, using primers 

515F/806R. Sequencing was performed on an Illumina MiSeq platform.   

 Bioinformatics were completed using the QIIME (v 1.9, Caporaso et al. 2010) pipeline. 

Only forward reads were used for analysis. Reads were de-multiplexed using the default 
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parameters in QIIME and checked for chimeras (incorrectly merged sequences) using usearch61 

(Edgar 2010, Edgar et al. 2011). After chimera removal, operational taxonomic units (OTUs) 

were assembled based on 97% sequence similarity (uclust, Edgar 2010, Caporaso et al. 2010), 

Taxonomy was assigned using open reference frame OTU-picking and with Greengenes, as the 

reference database (McDonald et al. 2012, Werner et al. 2012). The OTU biom and phylogenetic 

tree files were then transferred to R for further filtering and analysis using the phyloseq 

(McMurdie and Holmes 2013) and vegan packages (Oksanen et al. 2017). In phyloseq, 

mitochondrial and chloroplast sequences were removed and only sequences from the kingdom 

Bacteria were analyzed.  

Data Analysis 

 I conducted two basic types of analyses.  First, I analyzed the data using the planned 

design, examining the main effects of vermetids (presence vs. absence) and algae (presence vs. 

absence) and their interaction. For testing coral effects on algae, I looked also at coral presence 

and absence.  However, due to high variation in vermetid mucus net cover in the cores exposed 

to vermetids, I conducted a secondary analysis in which I focused on the treatments with 

vermetids and used mucus net cover as a continuous covariate (see Appendix 4A.Figure 2 for 

data on mucus cover).  All analyses included reef as a random effect (random intercept) because 

three (in 2013) and two (in 2014) types of cores were placed on the same experimental reef.  

Vermetid presence (or net cover), algal presence (or coral presence) and year (when applicable) 

were modeled as fixed effects. Data were analyzed using the nlme package (Pinheiro et al. 2018) 

in R (R Core Team 2016, v 3.3.2).  

 For microbial data, I analyzed three different measures of alpha diversity (Rarefied 

richness, Chao1 richness, and Shannon diversity) using the phyloseq package in R (McMurdie 
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and Holmes 2013). For richness, Chao1 and Shannon diversity, I rarefied samples to an even 

depth. Statistical analyses were completed as above, for both the classical analysis, and the 

analysis that used mucus net cover as a covariate.  To analyze effects of algae and vermetids on 

composition of the coral microbiome I converted total sequence count per sample to relative 

abundances and conducted a PERMANOVA on the Bray-Curtis dissimilarity matrix using the 

crossed design (Algae x Vermetid) with 999 permutations in the vegan package (Oksanen et al. 

2017). Additionally, I used nMDS to visualize differences across the groups (Oksanen et al. 

2017) in two dimensions.  

 

Results 

Effects of vermetids and algae on coral 

 Algae reduced lateral extension by 20%, but this effect was not significant (F1,72 = 

2.99, p = 0.09), and I did not observe a significant effect of vermetids, year or any interaction 

between vermetids and algae (Appendix 4B.Table 1a, 4B.Figure 1a). The change in buoyant 

mass was affected by year (1.9x higher buoyant mass in 2014, Appendix 4B.Table 1a, 4B.Figure 

2b), but I observed no effects of algae, vermetids or an interaction between the two on corals. 

Thus, theses analyses provide no evidence of an interaction modification as originally 

hypothesized. However, I observed high variability in mucus net cover, which limited the power 

of these analyses. Therefore, I analyzed the data from the +Vermetid treatments using Net Cover 

as a covariate. In doing so, I observed potential non-linearity in the data, but due to limitations in 

the spread of the data at low net cover, I could not estimate the curve. I decided to focus on 

comparisons with mucus net cover (only + Vermetid treatments), algae and year. Thus, I 
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analyzed the vermetid present (fixed effects: net cover, algal presence/absence and time, random 

effect: reef), as described in the methods.  

Change in Coral Mass  

 In the presence of vermetids, change in coral mass decreased with increasing mucus 

net cover (Fig 4.1, Net Cover F1,18 = 8.61, p = 0.009). Additionally, the effect of algae depended 

on year (interaction between algae and year: F1,18 = 4.68 , p = 0.04), which was likely driven by 

higher coral growth in 2014 compared to the lower growth in 2013. I also observed a main effect 

of year (F1,22 = 29.74, p < 0.001), which I cautiously interpret due to the presence of an 

interaction between algae and year, but it is likely driven by higher growth over all in 2014 

compared to 2013. There were no significant interactions between algae and net cover (F1,18 = 

0.006, p = 0.94), nor was there a three-way interaction (F1,18 = 0.004, p = 0.95). 

Lateral Extension  

 Corals tended to expand in the absence of algae, but recede in the presence of algae 

(Fig 4.2, F1,20 = 4.95, p = 0.038).  Higher vermetid mucus net cover was associated with 

decreased lateral extension of corals, although this effect was not significant (Fig 4.2, F1,20 = 

3.84, p = 0.060). There also was an indication of an interaction between year and algal treatment, 

although this effect also was not significant (Fig 4.2, F1,20 = 3.47, p = 0.070). There was no 

significant interaction between algae and net cover (F1,20 = 0.42, p = 0.52), nor was there a three 

way interaction (F1,20 = 1.49, p = 0.24). 
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Effects of coral and vermetids on algae 

 I observed no main or interactive effects of corals or vermetids on algal density 

(Appendix 4B.Table 1b) or on total algal biomass (Appendix 4B.Table 1b). Due to the high 

variation in net cover, I analyzed the data from the +Vermetid reefs using net cover as a 

covariate.  

Algal Density and Biomass 

 I observed an average change in algal density of 0.003±0.009 g cm2 (mean ± sd), but 

no significant effects of coral treatments or vermetid mucus nets (Fig 4.3a Coral: F1,6 = 0.25, p = 

0.64; Net Cover = F1,6 = 2.11, p = 0.20; Coral x Net Cover F1,6 = 2.32, p = 0.18). Algal biomass 

was reduced by 34% in the presence of corals (Fig 4.3b: F1,7 = 5.45, p = 0.05), but there was no 

significant effect of vermetid net cover or an interaction between coral treatment and mucus net 

cover (Net Cover: F1,7 = 0.29, p = 0.61; Net Cover x Coral: F1,7 = 1.24, p = 0.30).  

Microbial effects 

 Before quality filtering, the number of sequences per sample ranged from 2,850 – 

36,360, after filtering there were 2,019-30,968 sequences. Microbial communities associated 

with corals, algae, vermetids and sediment were readily distinguished (Appendix 4C. Figure 1). 

In the coral samples, I found 18,998 different OTUs from 25 phyla. Of the 25 phyla in the 

samples, only 12 comprised more than 0.1% of a sample. The most abundant phyla were 

Proteobacteria and Planctomycetes, which collectively comprised 30-40% across samples (Fig 

4.4, Appendix 4C. Figure 2 for family composition). Cyanobacteria and Firmicutes, and 

Bacteroides collectively made up about 20% of the samples. In general, the diversity of coral-

associated microbes increased in the presence of algae, although only the algal effect on Chao 1 
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richness was significant (F1,27 = 4.59, p = 0.04; see also 4C. Table 1 for Rarefied Observed 

Richness and Shannon Diversity). 

 As before, because of the variable net cover, I also compared alpha diversity metrics 

for the treatments with vermetids using mucus net cover as a covariate. Alpha diversity measures 

did not vary due to net cover (Fig. 4.5: Rarefied richness: F1,6 = 0.34, p = 0.58; Chao1 richness: 

F1,6 =  3.05, p = 0.13, Shannon diversity: F1,6 = 0.08, p = 0.78). Microbial diversity increased in 

algal presence, but these differences were not significant (Rarefied richness: F1,6 = 1.12, p = 

0.33; Chao1 richness: F1,6 = 5.01, p = 0.066; Shannon diversity = F1,6 = 0.67, p = 0.44).  I 

observed no interactions between algae and vermetid net cover (Rarefied richness: F1,6 = 0.37, p 

= 0.56; Chao1 richness: F1,6 = 0.07, p = 0.79;; Shannon diversity: F1,6 = 0.44, p = 0.53).   

 I did not observe any clear differences in composition among treatments 

(PERMANOVA: Algae: P= 0.167, Vermetid: P= 0.612, Algae*Vermetid: P = 0.965). This is 

evident by the considerable overlap among treatment groups on the nMDS plot (Fig 4.6).  

 

Discussion 

 I expected vermetids to exacerbate the effects of algae on coral growth and their 

microbial community. I failed to find strong evidence in support of this hypothesis and, 

therefore, conclude that vermetids do not appreciably modify coral-algal interactions or 

microbial communities associated with coral.  

I did, however, find effects of algae and mucus net cover on different aspects of coral 

growth phenotypic traits. Although, previous studies suggest that algal turf can outcompete 

corals (McCook 2001, Jompa & McCook 2003, Quan-Young & Espinoza-Avalos 2006). I only 

observed significant, negative effects of algae on lateral extension but not buoyant mass, 
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indicating that algae likely have a greater effect on new coral tissue production than on 

calcification. Thus, these results suggest corals are more vulnerable to algal competition at their 

growing edges. 

Vermetid net cover primarily affects calcification (i.e., from tissue already present). My 

results expand on the findings of Shima (et al. 2010), and bolster the hypothesis that vermetid 

effects on coral phenotypic traits are mediated through their mucus nets. However, I suggest at 

low mucus net cover, vermetids do not lead to deleterious effects on coral, and can have minimal 

impact on coral phenotypic traits (i.e., calcification rate). Thus, the deleterious effects of 

vermetids on coral growth and the implications that has for coral morphology (i.e., flattening) 

observed in other studies (Colgan 1985, Shima et al. 2010, 2013, 2015), can likely only happen if 

vermetid nets coverage is consistently 75-100%.  

Interestingly, I also observed different effects by year. Although cores were from the 

same collection site, placed on reefs in the same area, and experiments were conducted at the 

same time of year (the austral winter) corals accrued skeletal mass faster in 2014. As 

calcification increased across all treatments, the greater calcification rate in 2014 was likely 

driven by climatic or environmental variables: e.g., a 1oC annual temperature increase can 

increase calcification by ~4.5% (Bessat and Buigues 2001).  

Effects of vermetids on corals could arise if vermetids changed algal biomass or algal 

density, thus influencing competitive effects of algae on corals. However, I showed algal density 

and biomass were not affected by mucus nets (4.Fig 3), indicating that vermetids have little to no 

effect on algae, and thus cannot influence coral-algal interactions through this indirect 

mechanism. However, the effects of vermetids on coral-algal interactions are likely 

underestimated, because of another indirect mechanism by which vermetids can affect coral-
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algal competition. Vermetid mucus nets reduce grazing on algae (Tootell & Steele 2014), thus, in 

the presence of herbivory, there may be density-mediated indirect effects of vermetids on coral-

algal interactions. As a result, I suggest that the effect of algae on coral lateral extension, would 

likely be exacerbated in the presence of herbivory and vermetids.  

I hypothesized the mechanism underlying the effects of vermetids on coral-algal 

interactions was the alteration in the physical and chemical microenvironment surrounding coral-

algal interactions (Brown and Osenberg 2018). Furthermore, I expected that the presence of 

vermetids and algae would shift the microbial communities on coral surfaces and increase alpha 

diversity. I also expected that the combined effects of vermetids and algae would be greater than 

the additive effect of either group alone. I did not observe this pattern. Algae increased microbial 

diversity; however, vermetids did not and there was no evidence of a synergism between the two 

factors.  Although I did not observe an effect of algae, although other studies suggest that algae 

increase alpha diversity (Barott et al. 2011, Vega Thurber et al. 2012, Lee et al. 2017, Pratte et al. 

2017). One explanation for the lack of effect of algae (and vermetids) is that only deep 

sequencing (i.e., more reads per sample) reveals differences because that captures more rare 

groups (i.e., Barott et al. 2011 used a minimum of 9,000 reads per sample). However, differences 

among groups (with and without algae) have also been observed for samples <1000 reads/sample 

(Pratte et al. 2017, 500 reads/sample). 

In contrast to the experimental results reported here, I previously conducted an 

observational study (Ch 3), that demonstrated differences in both alpha diversity and 

composition due to the presence of algae, and limited combined effects of both algae and 

vermetids on coral surface microbial communities. In the observational study, I collected 

samples from corals that had likely been in contact with algae and vermetids for a long time. On 
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the other hand the experimental study imposed treatments for 63 days.  These disparity in results 

and approach suggest two hypotheses: 1) microbial communities may respond more slowly than 

expected, such that chronic, prolonged exposure may be needed for microbial communities to 

diverge in composition; or 2) a history of algal (and possibly vermetid) contact leads to 

irreversible changes in microbial communities on corals, so that although the addition of algae 

might have demonstrable effects on microbes, the removal of algae might not produce 

appreciable effects on coral microbial communities.  Both of these hypotheses require a better 

understanding of the dynamics of microbial communities over time. There are few longitudinal 

studies currently on coral microbial communities, consequently the lasting effects of macro-

organism interactions on coral microbial communities are not well established. One possible 

explanation is that after contact with algae, microbial communities are altered, likely due to the 

proliferation of new members, which makes returning to a previous microbial community state 

difficult. This phenomenon is similar to species invasions to an ecosystem and the resulting 

changes in both the biotic and abiotic environment: once the invader establishes and proliferates, 

it is hard to remove from an ecosystem (and not just because of the eradication method; Myers et 

al. 2000, Strayer et al. 2006).  In microbial systems, such as the human gut, the introduction of 

pathogens (i.e., Clostridium difficile), can lead to sweeping microbial and physiological changes, 

which are difficult to reverse (Louzopone et al. 2012). Alpha diversity in the samples without 

vermetids and algae was 40% greater in the experimental study relative to the observational 

study (~700 unique OTUs, compared to ~500 unique OTUs, Fig 3.3), even though the 

rarefaction depth in the experimental study was only 1/5 of that used in the observational study 

(2091 vs. >11,000 sequences/sample). Therefore, it is possible that the history of algal contact 

led to changes in coral microbial communities that were not reversed after algal removal. 
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However, stressor removal can lead to changes in microbial communities (Ch 5), although 

microbial community composition reflects previous interaction environments (Ch 5).  

 These results emphasize the need for longitudinal studies to understand how or if 

stressors affect coral microbial communities, and how microbial communities influence the rest 

of the coral holobiont. Instead, it is likely the mechanism underlying vermetid effects are due to 

physical changes created by vermetid mucus nets, which include reducing water flow (but not 

altering light; Brown and Osenberg 2018), potentially reducing food availability for corals 

(Allen-Jacobson 2018) or allelochemical effects (Klöppel et al. 2013). 

Although indirect interactions are common in nature, few studies examine interaction 

modifications that are not based on trophic interactions (Relyea & Yurewicz 2002, Pagès et al. 

2003). The primary purpose of my study was to provide one of the first studies of interaction 

modifications in a coral reef ecosystem.  I did not observe interaction modifications as I 

anticipated, however I did observe that vermetids and algae had effects on different aspects of 

the coral phenotype. Algae negatively affected lateral extension and vermetids negatively 

affected calcification as mucus net cover increases. Thus, if vermetids are in high enough 

densities to consistently cover nearby coral-algal interactions, in the long-term, they can lead to 

flatter corals that are shrinking around the margins due to algal contact.  
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Figure 4.1: Change in mass per initial surface area per day as a function of vermetid net cover, 

year, and algal treatment. Black circles give results for the –Algae treatment from 2013, dark 

green circles give results for the + Algae treatment from 2013, and gray and light green triangles 

give results for the –Algae and + Algae treatments respectively from 2014. Net Cover is based 

on the average net cover across the entire experiment. I observed a significant effect of net cover, 

where increasing net cover led to decreases in coral mass. I also observed an interaction between 

year and algal presence.   
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Figure 4.2. Lateral extension (mm day-1) as a function of vermetid net cover, year and algal 

treatment. Points above the blue line (at 0) indicate growth, whereas points below the blue line 

indicate recession away from the interface.  Black circles give results for the –Algae treatment 

from 2013, dark green circles give results for the + Algae treatment from 2013, and gray and 

light green triangles give results for the –Algae and + Algae treatments respectively from 2014. I 

observed a significant effect of algae. See the text for more statistical information.  
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Figure 4.3. (a) Change in algal density (Ash-Free Dry Mass g/cm2) and (b) Change in algal 

biomass (g). Colors represent the presence (orange) and absence (yellow) of coral. In the 

presence of vermetids, I did not observe effects of mucus net cover or coral presence on AFDM 

(Surface: F1,6 = 0.24, p = 0.63; Net Cover: F1,6 = 2.1, p = 0.20; Surface x Net Cover: F1,6 = 2.33, 

p = 0.18). I observed a negative effect of coral presence on biomass (Coral: F1,7 = 5.45, p = 0.05), 

but no effect of net cover or an interaction with coral presence on algal biomass (Vermetid: F1,7 = 

0.29, p = 0.61; Vermetid x Coral: F1,7 = 1.24, p = 0.30).  
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Figure 4.4. The relative abundance of all samples of phyla that represent > 0.1% of a 

sample. Colors indicate different phyla. The “Other” category represents the groups that 

represent < 0.1% of samples and includes 13 phyla. 
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Figure 4.5. Rarefied richness, Chao1 richness, Shannon diversity of the microbial community 

inhabiting coral surface mucus in the presence (green) and absence (gray) of algae as a function 

of increasing mucus net cover in the 2014 experiment. The vermetid absent treatments are 

represented by mean ± SE. I observed a significant effect of algae on Chao1 richness but no 

effects of vermetids or algae on Shannon diversity or Rarefied richness.  
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Figure 4.6. nMDS plot based on Bray-Curtis dissimilarity on the relative abundance of sequences 

in each Phylum.  Points and error bars give mean ± SE for the four treatment groups.  There were 

no significant effects of Algae or Vermetids.  
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4.Appendices 

Appendix 4A 

 

4A. Figure 1. Schematic of how linear extension was measured. The circle is the core, with algae 

represented by green (A) and coral represented by orange (C). The “Reference line” indicates the 

line drawn and where measurements were made between the coral and the interface. The 

interface indicates the part of the core where the algae and coral are touching. The area between 

the reference line, interface, and measurements boundaries were measured in the photographs 

taken at the start and end of the experiments. See Equation 2 for information about converting 

the areal measurement to a linear measurement.  
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4A. Figure 2. Mucus net cover over time on cores with and without algae and with and without 

vermetids. Each facet represents a core and gives the percent mucus net cover each week during 

the experiment. Colors indicate algal presence and absence. Plots include net coverage from 

2013 (algal presence dark green, algal absence is black) and 2014 (algal presence is light green 

and algal absence is gray). For analyses, weekly net cover values were averaged.  
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Appendix 4B. Classical statistical design results 

 

4B.Table 1 

F-table evaluating effects of vermetids, and algae on coral growth as measured by the change in 

mass and lateral extension. Significant effects (p<0.05) are given in bold; results with 

0.10<p<0.05 are indicated in italics.  I observed no significant effects involving vermetids or 

algae. 

 

 

4B.Table 2 

F-table evaluating effects of corals and vermetids on algal density and algal biomass. Significant 

effects (p<0.05) are given in bold; results with 0.10<p<0.05 are indicated in italics.  I observed 

no significant effects involving vermetids or coral 

 Algal density  Algal Biomass 
 numDF denDF F-value p-value  numDF denDF F-value p-value 
Vermetids 1 30 1.58 0.22  1 30 1.88 0.18 
Coral 1 30 0.45 0.51  1 30 3.17 0.09 
Coral x Vermetid 1 30 1.79 0.19  1 30 1.09 0.30 

 

  

 Mass Change  Lateral Extension 
 numDF denDF F-value p-value  numDF denDF F-value p-value 
Year 1 24 31.47 <.0001  1 24 0.73 0.40 
Vermetids 1 68 1.38 0.24  1 72 0.34 0.56 
Algae 1 68 0.01 0.94  1 72 2.99 0.09 
year x Vermetids 1 68 0.15 0.70  1 72 1.09 0.30 
year x Algae 1 68 0.84 0.36  1 72 2.14 0.15 
Vermetids x 
Algae 

1 68 0.02 0.89  1 72 0.07 0.80 

year x Vermetids 
x Algae 

1 68 1.37 0.25  1 72 1.30 0.26 
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4B.Figure 1. Results of the original crossed design (vermetid x algae) for 2013 (left panels) and 

2014 (right panels). (a) Change in skeletal mass and (b) change in lateral extension, where points 

above the blue line indicate growth and points below the blue line indicate recession away from 

the interface. Data are mean ± se, and colors indicate the presence (green) and absence (black) of 

algae. There is a significant effect of year on calcification, but no other significant effects (see 

4B Table 1)  
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4B.Figure 2. Results of the traditional vermetid x coral treatments on (a) algal density and (b) 

algal biomass. Data are mean ± se, and colors indicate the absence of coral (yellow) and presence 

of coral (orange). I observed no significant effects of vermetids or corals on algal density or algal 

biomass. 
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Appendix 4C: Additional microbial diversity  

4C.Table 1: Results of diversity analyses using the crossed statistical design. Bolded values are 

significant.  

 

  numerator 
DF 

denominator 
DF 

F-value p-value  

 Algae 1 27 4.59 0.04  
Chao1 Vermetid 1 27 0.48 0.49  
 Algae x Vermetid 1 27 0.82 0.37  
 Algae 1 27 1.77 0.19  
Shannon Vermetid 1 27 1.85 0.18  
 Algae x Vermetid 1 27 0.37 0.55  
 Algae 1 27 1.64 0.21  
Observed Vermetid 1 27 1.05 0.31  
 Algae x Vermetid 1 27 0.48 0.49  
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4C.Figure 1. nMDS plot based on Bray-Curtis dissimilarity on the relative abundance of 

sequences in each family. Both the experimental samples, algal, mucus net and sediment samples 

are shown. Dark brown points indicate –Algae, -Vermetid treatments; light orange treatments 

indicate  -Algae, +Vermetids; neon green indicates +Algae, -Vermetids; and dark green indicates 

+Algae, +Vermetids. Gray, yellow and blue indicate sediment, vermetid and algal samples. 

According to a PERMANOVA analysis, there are significant differences among the treatment 

combinations and sample types (Sample type: p = 0.001). Stress in MDS plots are a measure of 

goodness of fit, values between 0.1 and 0.2 are considered “adequate fit”. 
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4C.Figure 2. Relative abundance of OTUs summarized at the family level for treatment corals, 

algal samples, sediment samples and vermetid mucus net samples. The “Other” category 

represents families that are <3% in abundance in samples, and include 245 low abundant 

families.  
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CHAPTER 5 

EXTENDED PHENOTYPES ON CORAL REEFS: CRYPTIC PHENOTYPES AND SPECIES 

INTERACTIONS4  

 

 

 

  

                                                
4 To be submitted to Ecology Letters, and authored by AL Brown, EK Lipp, JP Wares, JS Shima, and CW Osenberg 
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Abstract 

 If phenotypic plasticity is adaptive, when environments differ due to the presence or 

absence of a stressor, prior exposure should weaken the effects of the stressor. Here, we consider 

plasticity of the extended phenotype including the response of microbes that are associated with 

a focal organism. We tested our hypothesis using corals that varied in their prior exposure to 

vermetid gastropods, an organism known to reduce the growth and survival of corals. We 

conducted several manipulative experiments to test the effects of vermetids on corals that 

differed in their past exposure to vermetids. First, we examined linear extension on reefs that 

differed in vermetid exposure. We found lower linear extension on reefs where vermetids were 

present or experimentally removed compared to reefs where vermetids were naturally absent. 

These results suggest evidence of a lasting effect of vermetid presence. Following this 

experiment, we conducted two reciprocal transplant studies. We measured a suite of phenotypic 

traits (coral growth, tissue thickness, Symbiodinium densities, microbial diversity and 

composition) of experimental corals. For the reciprocal transplant studies, we observed negative 

effects of vermetids, for both previous exposure contexts, but faster calcification rates of corals 

previously exposed to vermetids. Corals without previous exposure to vermetids had thicker 

tissues and higher Symbiodinium densities, compared to coral previously exposed to vermetids.  

Additionally, microbial alpha diversity of corals transplanted to reefs with vermetids increased 

relative to those transplanted to reefs without vermetids. Both prior and current exposure to 

vermetids led to changes in microbial composition. The second experiment, which spanned a 

massive die off of vermetids across French Polynesia, showed depressed growth of corals 

previously exposed to vermetids. We suggest the lowered growth may be due to the spill-over of 

the putative pathogen that led to the die-off of vermetids. Reefs with and without vermetids were 
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almost completely associated with two different mitotypes, highlighting there are likely genetic 

differences that contribute to the observed phenotypes. Vermetids were only found on the fast-

growing phenotype that were characterized by thin-tissues, and that likely had a history of 

disturbance. Thus, we suggest vermetid absence and presence is part of the extended phenotype 

of these corals. Coral genotype establishes different trajectories, with thin-tissue types being 

more prone to disturbance and subsequent colonization by vermetids.  The other mitotype has 

thicker tissue and is more resistant to disturbance and thus colonization by vermetids.  

Introduction 

Abiotic factors like temperature and rainfall, as well as biotic factors like predation and 

competition, can lead to changes in phenotypic traits, through plasticity or local adaptation (i.e., 

genotypic differentiation). Local adaptation arises if gene flow is low and natural selection 

differs between two local populations. As a results the phenotypes in each population has higher 

fitness than would the phenotype from the other populations (Kawecki and Ebert 2004). 

Adaptive phenotypic plasticity, alternatively, arises when a single genotype leads to different 

phenotypes when developing in two different environments, yielding a higher fitness in the two 

habitats that could be accomplished by a fixed phenotype (Schlichting and Pigliucci 1998, 

Ghalambor et al. 2007).  For example, Trinidadian guppies show local adaptation to high 

predator environments: populations from high predator areas grow to larger sizes than those from 

low predator populations when placed in a common environment. The guppies also show 

adaptive plasticity: predator environment dictates their location in the water column, no matter 

which population they originated from (Torres-Dowdall et al. 2012). Phenotypic plasticity in 

morphological traits, induced by predators, has been shown in wide range of taxa, including 

Daphinia (Dodson 1974), amphibians (Relyea 2004), rocky intertidal snails and barnacles 
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(Trussell 2000, Raimondi et al. 2000), as well as fish (Brönmark and Petterson 1994, Reznick 

and Travis 1996). Competitors can also induce phenotypic shifts in species traits. For example, 

competition with leopard frogs causes the tadpoles of leopard frogs to reduce their growth rates 

and increase their mouth length and width, (Relyea 2000).  

Although phenotypes are often quantified using morphological, physiological, and 

behavioral traits of the focal organism, phenotypes can extend beyond the traditional concept of 

an individual (sensu Dawkins 1976). A classic example of an extended phenotype is a beaver 

dam. Although not physically attached to, or a fully integrated part of a beaver, the construction 

of a dam affects the individual’s fitness (i.e., in terms of survival).  Recently, the extended 

phenotype has expanded to include host-associated microbial symbionts. Most individuals 

consist of both host and microbial symbionts, which together constitute a holobiont (Margulis 

1990). Additionally, Zilber-Rosenberg and Rosenberg (2008) proposed that the holobiont is a 

unit of selection, an idea that has been embraced conceptually by others (reviewed in 

Roughgarden 2017). Thus, the host-associated microbial communities can be considered a 

phenotypic trait, subject to change in different biotic and abiotic conditions, and likely to 

differentially influence the performance of the host under different environmental conditions.  

Implicit in the concept of adaptive phenotypic plasticity or local adaptation is the idea 

that a phenotype performs best in an environment that it has been exposed to previously. For 

example, if a snail grows a thicker shell in the presence of crayfish predators, it will be less 

vulnerable to predation by crayfish (sensu Auld and Relyea 2011).  Microbial communities can 

also aid in adapting a host to a particular environment.  For example, plant-associated soil 

microbes that were previously exposed to drought conditions increased the ability of plants to 
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withstand the deleterious effects of drought (Lau et al. 2014). Here, we examine a similar 

phenomenon on coral reefs.  

Scleractinian corals are calcifying holobionts composed of host tissues, as well as 

bacterial, archaeal and eukaryotic symbionts. Symbiodinium are microalgal cells that live within 

the host tissues and transfer photosynthesis-derived products to the coral host, thus acting as a 

major food-acquisition source for the holobiont. The bacterial and archeael (hereafter I will refer 

to these groups as microbial) communities are highly diverse, and are found in coral tissues and 

in the coral surface mucus layer (SML).  Although the functions of these microbial communities 

are not well understood, they are hypothesized to play roles in immunity (i.e., protection from 

pathogens; Reshef et al. 2006, Bourne and Webster 2013, Krediet et al. 2013) and nutrient 

cycling (Bourne and Webster 2013).  

Corals exhibit extreme phenotypic plasticity.  Water flow, light and temperature are 

associated with morphologically plastic responses of corals (Bruno and Edmunds 1997, Muko et 

al. 2000, Smith et al. 2007, Padilla-Gamiño et al. 2012).  For some groups, morphological 

changes are drastic, in which some species can shift from mounding to plating form with depth 

(Muko et al. 2000). Others show differences in branch diameter and corallite structure with water 

flow (Bruno and Edmunds 1997). Calcification rate is also plastic and subject to environmental 

conditions; it decreases with turbidity (Padilla-Gamiño et al. 2012) and increases with 

temperature (Lough and Barnes 2000).  

Coral symbionts are responsive to changes in the environment, often giving rise to 

responses that are beneficial to the coral. For example, different clades of Symbiodinium confer 

differential sensitivity to thermal stress.  Thus, exposure to increased temperature can cause 

corals to expel maladaptive symbionts and acquire adaptive symbionts: i.e., the adaptive 
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bleaching hypothesis (Buddemeier et al. 1993, Baker et al. 2004).  Changes in the microbial 

communities can similarly be beneficial (and sometimes harmful). The coral surface mucus layer 

is the first line of defense of corals against incoming pathogens, and microbes in this 

carbohydrate-rich layer are hypothesized to prevent pathogen invasion (probiotic coral 

hypothesis, Reshef et al. 2006, Krediet et al. 2013, Peixoto et al. 2017).  However, competitive 

interactions can favor more pathogenic or heterotrophic groups (Barott et al. 2012), and can lead 

to disease (Nugues et al. 2004).  

Another organism known to induce phenotypic changes in corals are vermetid 

gastropods. Vermetids are sessile gastropods that cast mucus nets to collect food particles from 

the water column. The largest vermetid is Ceraesignum maximum, which are frequently found 

embedded in the coral matrix in the Indo-Pacific and Red Sea.  These vermetids reduce coral 

calcification (Shima et al. 2010), flatten coral colonies (Colgan 1985, Zvuloni et al. 2008, Shima 

et al. 2015) and decrease photosynthetic yield of symbiotic Symbiondinium (Shima et al. 2015).  

The putative mechanism underlying these deleterious effects involves the gastropod’s mucus 

nets. The nets impede water flow and influence chemical conditions at the surface of the corals, 

and likely lead to the build-up of noxious chemicals (Brown and Osenberg 2018). Additionally, 

the mucus nets contain bioactive compounds (Klöppel et al. 2013), which may have anti-

microbial effects.  Thus, we hypothesize that vermetid nets might facilitate the build-up of excess 

cellular metabolites near the surfaces of corals, which could affect an increase in the growth of 

pathogenic microbes, inducing maladaptive effects.  

There is tremendous spatial variation in the densities of vermetids.  At the extreme, some 

coral colonies have vermetids whereas others, even those of the same species are devoid of 

vermetids (Shima et al. 2010). This marked variation in historical exposure to vermetids allowed 
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us to ask if prior exposure to vermetids affected a coral’s subsequent response to vermetids, and 

to assess the relative roles of phenotypic plasticity or genetic differentiation in producing 

phenotypic variation among corals with vs. without vermetids.  We therefore conducted three 

field experiments.  First, we removed vermetids from bommies (large coral colonies) and found 

the linear extension (e.g., outward coral growth) of these bommies failed to increase; growth 

remained low relative to bommies that historically lacked vermetids.  These results contradicted 

past experimental work, leading us to hypothesize that past work may have demonstrated strong 

effects because they used “naïve” corals – those that had lacked prior exposure to vermetids.  We 

tested this hypothesis by conducting a reciprocal transplant experiment, in which we quantified 

changes in coral calcification, tissue thickness, Symbiodinium density, and microbial 

communities, and determined the role of past exposure to vermetids (i.e., reflected by the 

presence or absence of vermetids from the site at which the coral originated) versus current 

exposure to vermetids (i.e., reflected by the presence or absence of vermetids from the transplant 

location). We expected corals with a history of vermetid exposure to show decreased effects of 

vermetids compared to corals originating from sites without vermetids (i.e., we expected to find 

a significant interaction between origin environment and transplant environment). If transplant 

environment had a greater effect on phenotypic traits relative to origin environment, we would 

conclude that phenotypic plasticity played a major role.  In contrast, if origin reef type was found 

to have a greater effect on phenotypes, we would conclude either that differences were the result 

of genetic differentiation, plasticity required longer exposures to develop, or plasticity that 

required exposure during specific developmental windows. To address potential genetic 

differentiation among corals that occurred with or without vermetids, we also sequenced the 

coral’s mtCOI region and compared sequence divergence among corals.    
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Methods 

The system 

 All field studies were conducted in the shallow back reef of Moorea, French Polynesia 

(S17° 28.511' W149° 48.857') within an area 0.04  km2 area. The backreef is dominated by 

massive Porites corals, a mounding coral species complex with poorly resolved taxonomy 

(Forsman et al. 2009, 2015), which create mounding structures called “bommies”. “Bommies” 

are once monospecific coral colonies in which the death of coral tissue allows for colonization 

by other benthic species. Massive Porites corals in Mo’orea are, from a taxonomic perspective, 

visually indistinguishable and appear to include members that have been previously identified as 

Porites lobata, Porites lutea and Porites australiensis. On the back reef there are massive Porites 

bommies that are devoid of vermetid gastropods (i.e., without previous vermetid exposure) and 

bommies that have vermetids present (i.e., with previous vermetid exposure). Both types of 

bommies can be found within several meters of each other.   

Linear extension of entire bommies 

In 2009, we identified 10 massive Porites bommies that had vermetids and 5 bommies 

that lacked vermetids.  Bommies had similar diameters (113.4± 40.6 cm, mean ± SD). Live coral 

coverage was higher on bommies that lacked vermetids (98.8% ± 1.3, mean ± SD) compared to 

bommies with vermetids (72.1% ± 12.1 mean ± SD).  We experimentally removed vermetids 

from half of the reefs with vermetids, resulting in three treatments (each with n= 5): vermetids 

present, vermetids removed, and vermetids naturally absent. In the absence of any historical 

effects, and based on past studies (e.g., Shima et al. 2010), we expected bommies without 

vermetids to grow faster than those with vermetids present, and we expected the removal of 

vermetids to lead to increased growth rates to a degree that was comparable to the growth rate of 
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bommies that naturally lacked vermetids. On 6 October 2009, we hammered 5 nails into each 

bommie, distributed in an arc over the top of a bommie, and measured the length of the nail 

protruding above the surface of the bommie. After nine months (17 July 2010), we returned to 

the reefs and re-measured the length of each nail still protruding above the coral surface. The 

average difference in the lengths of the nails provided an estimate of the linear extension of each 

bommie.  

A reciprocal transplant: transplant experiment 1  

The first reciprocal transplant experiment took place from 23 February to 9 June, 2015, 

using 10 bommies with, and 10 without vermetids that were of similar dimensions and depth: 

height =  61.95 ± 17.5 cm and diameter = 75.9±19.7 cm, vertical distance from the water surface 

= 2.0 ± 0.3 m ; Mean ± SD.  Bommies that lacked vermetids were characterized by high live 

coral cover (93±4.3%), whereas bommies with vermetids had only 73.6 ±11.3% live coral cover 

and had 17.9±7 vermetids on them. The remaining cover on reefs was primarily algal turf and 

crustose coralline algae.  

 From each reef, we removed four cores using a pneumatic drill with a diamond-tipped 

hole saw attachment (diameter = 3.81 cm diameter, McMaster Carr).  Each core was returned to 

the lab and excess skeleton was removed using a bandsaw (© Gryphon C40) so that each core 

was approximately 1.5 cm in height. Each core was then attached to a mesh base using Zspar (© 

Splashzone). Each core was photographed, buoyantly weighed (Davies 1989), and placed onto a 

new reef. The four cores from each origin bommie were placed onto four different bommies (but 

not their origin reef): two bommies with and two bommies without vermetids. Thus, each reef 

donated, and also received, four transplants, two from each type of reef.   
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At the conclusion of the experiment (9 June 2015), we retrieved the cores from each reef 

and brought them back to the lab, where they were photographed and buoyantly weighed. We 

recovered 68 of 80 cores; those that were lost were likely consumed by corallivores. 

After weighing, samples were then cut in half using a bandsaw (© Gryphon C40) and the 

surface area of each half was measured. One half of each core was then fixed in formalin for 

tissue thickness analyses. We removed coral tissue from the other half using an airbrush. The 

tissue slurry was captured in a plastic bag and then poured into a clean 50 ml tube. Volumes 

ranged from (12-50 ml). The slurry was then homogenized to break up tissue with a meat 

grinder. One and a half milliliter aliquots were removed for Symbiodinium counts and host 

genetic analyses. Samples taken for Symbiodinium counts were preserved in 10% formalin. 

Samples taken for host genetic analysis were preserved in DMSO. All host samples were stored 

at room temperature until analysis.  

Reciprocal transplant during the vermetid die-off: transplant experiment 2 

The second reciprocal transplant experiment took place from 12 July to 21 September 

2015 at the same site as the first transplant experiment, but using different bommies. Bommies 

were (mean±SD) 62.2±17.9 m high, 80.7±20.3 m in diameter, and 1.9±0.5 m from the surface. 

Bommies that lacked vermetids were (mean±SD) 95±9.9% live coral, whereas bommies with 

vermetids were 66 ± 12.9% live coral.  

The design of this experiment differed slightly from the first.  We used five bommies 

with vermetids and five bommies without vermetids. Ten cores were collected from each 

bommie and brought back to the lab as described above, however due to mortality of cores from 

two vermetid absent reefs, we had cores from only three bommies that lacked vermetids. Thus, 

each bommie then received eight cores: one from each of the three bommies without vermetids 
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and one from each of the five bommies with vermetids. Cores were re-collected 21 September 

2015, re-weighed, cut in half, and processed for tissue thickness and DNA measurements as 

described above. 

 By 24 July 2015 all of the C. maximum across Mo’orea, French Polynesia experienced a 

massive die-off (Brown et al. 2016). Thus, the cores in the second experiment experienced the 

effects of vermetids for only one week.  As a result, we expected the effects of the transplant 

treatment (with vs. without vermetids) to be much reduced compared to the first reciprocal 

transplant experiment.  

Measurements 

Skeletal Mass 

 Buoyant mass was converted to skeletal mass, using equations from Davies (1989).  

Because cores were of similar size, calcification rate was measured as the difference in skeletal 

mass divided by time (but not adjusted by initial surface area). 

Tissue thickness 

After removing tissues from formalin, we dissolved the skeleton in 10% HCl. Tissues 

were dried to a constant mass. Tissue mass divided by surface area was used to obtain an 

estimate of tissue thickness (i.e., mass per area).  

Symbiodinium Counts 

Counts were completed using a hemocytometer, with 10 subsamples per sample. The 

average cell count was divided by the volume of the hemocytometer chamber and multiplied by 

total homogenate volume to obtain the total count. The total cell count was then divided by 

surface area of the half core to determine cell density (no. per area) and by tissue thickness to 

obtain cell concentration (no. per volume).  
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Host genetic analyses 

DNA samples of corals from both experiments (n=13 vermetid absent, n=15 vermetid 

present) were brought back to UGA. Samples were centrifuged and the excess buffer was 

decanted off. DNA extraction was completed using the protocol from Concepcion (et al. 2006), 

followed by amplification of the mtCOI region. PCRs were run at 95°C for 3 minutes, followed 

by 34 cycles of 95°C for 30s, 45°C for 30s, 72°C for 1:00, and a final elongation step at 72°C for 

5 minutes, and held at 12°C). After successful amplification, Exosap (Exonuclease I and 

Alkaline Phosphate) was added to clean up the sample, samples were sent to Georgia Genomic 

Facility for sequencing, sequences were assembled and aligned in Geneious ©, and a tree was 

constructed using the Tamura-Nei distance model and the Neighbor-joining tree method without 

an outgroup. Trees were bootstrapped 100 times.  

Microbial sampling 

Before corals were cored from reefs, microbial samples were collected from each 

bommie using 12-ml syringes. After gentle agitation of the coral surface, mucus was sucked into 

the syringe. At the end of the first transplant experiment, but before cores were retrieved, 

microbial samples were collected from the surface of each core and each bommie. Sediment 

samples were also collected at the start and end of the first transplant experiment. After samples 

were collected, they were kept on ice and transported back to the lab.   

In the lab, the mucus settled to the base of the syringe, was inserted into a 1.5-ml 

centrifuge tube, centrifuged at 10,000 RPM for 5 minutes, and excess water was removed. 

Samples were immediately frozen.  

 Samples were transported back to the University of Georgia where they were extracted 

using the protocol from Boström et al. (2010), but with an added initial bead-beating step (0.03g 
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beads added, and vortexed at max speed for 10 mins). Due to low DNA yields, samples were re-

extracted using Qiagen © Powersoil kits. To remove PCR inhibitors, we added equal volumes of 

magnetic beads in PEG solution (Rudi et al. 1997). Extracted DNA was sent to IMR-CGEB for 

sequencing on an Illumina platform. The V4/V5 region was sequenced using the 515F and 806R 

primers.  

 Bioinformatics were completed on the forward reads using dada2, including chimera 

removal (Callahan et al. 2016). Taxonomy was assigned using the Greengenes database 

(DeSantis et al. 2006). Following the dada2 pipeline, we imported data into the R packages 

phyloseq (McMurdie and Holmes 2013) and vegan for further analysis (Oksanen et al. 2017).  

Statistical Analyses 

 Linear extension was analyzed using ANOVA.  Change in skeletal mass, tissue thickness, 

and Symbiodinium densities were analyzed using mixed linear models in the nlme package in R 

(R Core Team 2015, Bates et al. 2017). Origin reef type and transplant (recipient) reef type 

(vermetid absent, vermetid present) were treated as fixed effects and origin bommie number and 

recipient bommie number nested in origin reef were treated as random effects.  We also reported 

the conditional and marginal R2 for each model, to quantify the variance explained by the fixed 

effects (i.e., marginal R2) and the variance explained by both the fixed and random effects (i.e., 

conditional R2, piecewiseSEM package in R, Lefcheck 2015).   

We compared species richness, Chao1 richness and Shannon diversity. To compare OTU 

richness (the number of unique sequences per sample), microbial data was rarefied to the lowest 

number of reads using phyloseq (McMurdie and Holmes 2013). Rarefied OTU richness, Chao1 

richness and Shannon diversity were analyzed by treating origin and transplant reef type (i.e., 
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with vs. without vermetids) as fixed effects and origin bommie number and transplant bommie 

number nested in origin as random effects. 

All (unrarefied) data were converted to relative abundance per sample and composition 

was compared at the family level based on Bray-Curtis dissimilarity matrices using a 

PERMANOVA with 999 permutations. We visualized the data using an nMDS plot in 2 

dimensions based on Bray-Curtis dissimilarity matrices. We additionally examined families that 

explained significant variation across the treatments based on the PERMANOVA, (i.e., those 

families that had linear model coefficients > 0.005). PERMANOVA and nMDS were conducted 

using the vegan package (Oksanen et al. 2017).  After determining the families that contributed 

to significant effects among communities, we compared the relative abundances of each family 

separately using the same mixed effects models described above (fixed effects: origin reef type, 

transplant reef type, origin x transplant; random effects: origin bommie number, transplant 

bommie number; nlme package, Bates et al. 2017).  

Host genetic data were compared using Hudson’s Snn on DNAsp (v 5.10.1) to determine 

if there was significant genetic differentiation among the corals that had vermetids and did not 

have vermetids (Hudson 2000). When near 1, Snn indicates high differentiation among the 

populations.  

Results 

Linear extension of entire bommies 

 Bommies with naturally lacked vermetids had linear extension rates that were double 

those observed for bommies that historically had vermetids whether the vermetids were present 

or had been removed (Figure 5.1, F2,12 = 27.39, p <0.001). Thus, vermetid removal did not 

increase linear extension, a result that appears to contradict past studies (e.g., Shima et al. 2010), 
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and which suggests either a long-lasting effect of prior exposure to vermetids or variation among 

corals that host versus do not host vermetids.  

Reciprocal transplant experiment 1 

Calcification 

Origin reef type and transplant reef type each significantly affected a core’s change in 

skeletal mass (origin: F1, 18 = 7.26, p = 0.01; recipient: F1,45 = 30.58, p <0.001), although the 

interaction was not significant (F1,45 = 0.224, p = 0.638).  We observed variation due to the 

random effects (marginal R2 = 0.25, conditional R2= 0.94). Corals accrued ~1.5x more mass 

when transplanted to bommies without vermetids compared to bommies with vermetids; but they 

also grew ~1.5x more if they came from reefs that had vermetids (Figure 5.2a). Thus, corals on 

their home reef type grew at similar rates. This is an example of counter-gradient selection.  

These results refute our hypothesis that prior vermetid exposure makes corals less sensitive to 

vermetids. 

Tissue thickness 

 Coral tissues were 1.8x thicker when cores came from bommies without vermetids 

compared to cores that came from bommies with vermetids (Figure 5.2b, F 1,18 =4.46, p = 0.049). 

Tissue thickness was not affected by recipient reef type (Figure 5.2b, F 1,40=0.003 p = 0.953) 

suggesting that vermetids did not have a short-term effect on tissue thickness. There was no 

evidence for recipient x origin interaction (Figure 5.2b, F 1,40= 0.017, p = 0.896). There was 

variation due to the random effects (marginal R2 = 0.07, conditional R2= 0.99). 

Symbiodinium density 

 Cores that originated on bommies without vermetids had Symbiodinium densities that 

were ~2x greater than corals that originated from bommies with vermetids (Figure 5.2c, Origin: 
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F1,48 = 90.167, p <0.001).  Cores that were transplanted to bommies without vermetids had, on 

average, higher densities of Symbiodinium, although this difference was not significant 

(Recipient: F1,46 = 3.97, p = 0.052).  Further, there was a suggestion that cores that came from 

bommies without vermetids were more sensitive to vermetids, although this interaction also was 

not significant (Recipient x Origin: F1,46 = 2.858, p = 0.098).  We again saw variation due to the 

random effects (R2 marginal = 0.59, R2 conditional = 0.98). The differences in Symbiodinuium 

density largely mirrored the variation in tissue thickness. However, even when Symbiodinium 

counts were adjusted to number per gram of coral tissue (and log transformed to normalize data), 

there was an effect of origin (origin: F1,18 = 12.53, p = 0.002), but no effect of recipient reef (F1,39 

= 0.44, p = 0.51) or an interaction (F1,39 = 0.00, p = 0.98).   

Microbial diversity 

 Before filtering out chimeric, mitochondria and chloroplast sequences, we observed 

5,644 – 41,650 sequences/sample, with a mean of 21,900. After filtering, there was an average of 

5,017 sequences/sample (range: 200 – 35,310). Sequences from treatment corals ranged from 

257 – 12,550, which yielded a total of 1876 OTUs. Samples were rarefied to 257 

sequences/sample to assess OTU richness.  

 Microbial alpha diversity increased when cores were transplanted to bommies with 

vermetids, relative to diversity on bommies without vermetids (Figure 5.3; Chao1: F1,37 = 8.14, p 

= 0.007; Shannon: F1,37 = 9.45, p=0.004; Observed: F1,37 =9.72, p = 0.004).  There were no 

effects of origin reef type (Chao1: F1,18 =0.99, p =0.33; Shannon: F1,18 = 048, p = 0.50; 

Observed: F1,18 = 1.11, p = 0.31) nor any interaction between origin and recipient reef type 

(Chao1: F1,37 = 0.16, p = 0.69, Shannon: F1,37 = 0.001, p = 0.98; Observed: F1,37 =0.20, p = 0.66). 

We observed variation due to the random effects (Chao1: R2 marginal = 0.14, R2 conditional = 
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0.96; Shannon: R2 marginal = 0.14, R2 conditional = 0.92; Observed: R2 marginal = 0.16, R2 

conditional = 0.93).  

Compositional differences and Beta diversity  

The composition of microbes depended on origin and recipient reef type (Fig 5.4) but not 

their interaction (PERMANOVA Origin: F1,55 = 6.03, p = 0.001; Recipient: F1,55 = 2.36, p= 

0.004; Origin x Recipient: F1,55 = 0.76, p = 0.72). Interestingly, samples taken from the bommies 

at the start and end of experiment exhibited different communities that change over time 

(Appendix 5A Fig. 2,3). Sediment and vermetid mucus net samples differed from coral microbial 

samples (PERMANOVA: P < 0.001). 

Several bacterial families contributed to the compositional differences between cores that 

came from bommies with vs. without vermetids (Fig 5.6).  Endozoicimonaceae (Fig 5.6a), 

Pirellulaceae (Fig 5.6b), Phyllobacteriaceae (Fig 5.6c), Lachnospiraceae (Fig 5.6d), 

Clostridiaceae (Fig 5.6n) had greater relative abundances on cores originally from bommies with 

vermetids, whereas Rhodobacteraceae (Fig 5.6e) and Synechococcaceae (Fig 5.6f) were more 

abundant on corals originally from bommies without vermetids. Several families also changed 

relative abundance in response to being moved to a different reef type:  Flavobacteriaceae (Fig 

5.6g), Verrucomicrobiaceae (Fig 5.6o), and Fusobacteriaceae (Fig 5.6h) were more abundant 

after transplant to bommies with vermetids, whereas Synchechococcaeae (Fig 5.6e), 

Halomonadaceae (Fig 5.6j) and Streptococcaea (Fig 5.6k) were more abundant when placed on 

bommies without vermetids. Planctomycetaceae and Cryomorphaceae (Fig. 5.6q,r) showed a 

significant interaction between origin and recipient reefs, in which corals originally from 

vermetid present reefs showed more drastic changes to transplantation compared to corals 

originally from vermetid absent reefs.   
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Reciprocal transplant during the vermetid die-off: transplant experiment 2 

 The results from the second transplant experiment showed that cores transplanted to 

bommies without vermetids grew faster than did cores transplanted to bommies with vermetids 

(Fig. 5.7a, F1,70 = 4.81, p = 0.03), independent of the source of the cores (F1,70 = 2.19, p =0.14). 

However, corals only grew 1.08x faster without vermetids, compared to 1.5x faster in the first 

experiment (Fig. 5.2a), likely because C. maximum died after the first week of the second 

experiment. We also observed variation due to the random effects (R2 marginal = 0.29, R2 

conditional = 0.94).    

Origin reef type had an effect on coral growth (F1,6 = 5.66, p = 0.05), although this 

pattern was in the opposite direction as observed in the first transplant experiment. Interestingly, 

the growth of cores from the reefs without vermetids was similar during the two experiments 

(~0.02 g d-1).  However, the cores originally from bommies with vermetid grew more slowly (by 

~40%) in the second experiment, which occurred during the vermetid die-off.    

 Tissue thickness in the second experiment mirrored the patterns seen in the first 

transplant experiment: cores originally from bommies without vermetids were significantly 

thicker than those from bommies with vermetids (5.Fig 7, F1,6 = 17.85, p = 0.006), and there was 

no evidence of an effect of recipient reef type (F1,70 = 0.04,  p = 0.84) nor an interaction (F1,70 = 

0.36, p 0.56). Tissues were approximately twice as thick during the second transplant experiment 

compared to the first (compare 5.Figs. 2b and 7b). As in other analyses, there was considerable 

variation due to the random effects (R2 marginal = 0.21, R2 conditional = 0.93) 
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Host Genetics 

 We observed significant underlying genetic differentiation between the samples collected 

from bommies with versus without vermetids (Figure 5.8, Hudson’s Snn = 0.93, p < 0.001). All 

but one bommie with vermetids grouped separately from bommies without vermetids. Three 

distinct sites along the 700bp segment (~0.4% difference) differentiated the two groups of 

bommies, which was almost entirely associated with the presence and absence of vermetids. For 

corals, 0.4% sequence divergence represents considerable variation, as sequence divergence 

among families is often 5%  (Shearer and Coffroth 2008).  

 

Discussion  

Phenotypic plasticity 

Adaptive plasticity can lead to a decreased response to a stressor after secondary exposure. 

However, phenotypic plasticity is not always adaptive, and changes in phenotypes may not 

always incur a benefit to an organism. Additionally, phenotypic traits may change in response to 

the environment (phenotypic plasticity), or differences in phenotypes may be due to genetic 

differences among populations, early canalization of traits, or time lags in the plasticity of a trait. 

Based on the results from the linear extension study (linear extension across bommies), we 

expected to observe lasting effects of vermetids on coral traits. However, the results from our 

reciprocal transplant experiments (transplant experiments 1 and 2) show no evidence that prior 

exposure of corals to vermetids led to reduced effects of vermetids. Thus, we reject our working 

hypothesis that corals exhibited adaptive phenotypic plasticity with respect to vermetids.  

Although we do not have evidence of adaptive plasticity, we do see evidence of phenotypic 

plasticity: cores from both reef types experienced reduced growth when placed on bommies with 
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vermetids relative to bommies without vermetids (Fig 5.2). Additionally, microbial diversity 

increased and community composition shifted on cores that were transplanted to bommies with 

vermetids (compared to those on bommies without vermetids: Fig. 5.5). These changes were 

likely maladaptive.  

Transplantation to bommies with vermetids led to increased microbial richness, and shifts in 

microbial partners, in particular increases in groups that include anaerobic or facultative 

anaerobes (i.e., Fusobacteriaceae and Flavobacteriaceae, Staley and Whitman 2010). Because 

vermetid mucus nets reduce flow and modify the chemical conditions near coral surfaces (Brown 

and Osenberg 2018), it is possible that higher relative abundances of anaerobes are due to corals 

experiencing prolonged periods of low oxygen. Increases in these groups may reflect why corals 

that were transplanted to bommies with vermetids present decreased calcification, e.g., if 

exposure to prolonged periods of low oxygen leads to decreased coral growth (Fig.5.2). 

However, microbial community composition and coral calcification rate were primarily 

determined by highly reflected their origin bommie type.  

Cryptic Phenotypes 

Many of the differences in the traits we observed did not change when we transplanted cores 

to a new environment. Cores that had not been previously exposed to vermetids had higher rates 

of linear extension (linear extension of bommies), lower calcification from February – June 

(transplant experiment 1), but higher calcification from July – September (transplant experiment 

2), thicker tissues, higher densities of Symbiodinium, and different microbial communities, 

relative to cores from bommies with previous exposure to vermetids. We suggest the differences 

in traits (linear extension, calcification rate, tissue thickness, Symbiondinium density and 

microbial communities) are indicative of a tolerant phenotype (bommies with vermetids) and a 
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resistant phenotype (bommies that lack vermetids), which are likely tied to the underlying 

genetic differences across these reefs. 

Corals originally exposed and not exposed to vermetids had similar growth rates when placed 

on their home type reef. However, their growth rates diverged after transplant to a new 

environment, which revealed difference among these phenotypes: corals previously exposed to 

vermetids had higher calcification rates than corals previously naïve to vermetids. This is an 

example of counter-gradient selection (opposing effects of genetics and environment, Levins 

1969, Conover and Schultz 1995). These growth rate differences in the first transplant 

experiment provide evidence for phenotypic differences between the tolerant and resistant 

phenotypes: the faster growing phenotype can withstand vermetid presence, and are able to 

maintain a faster growth rate than the vermetid-absent phenotype.  

The vermetid-resistant phenotype consistently had thicker tissues than the vermetid-tolerant 

phenotype, which may modulate the response of these different phenotypes to disturbances. 

Tissue thickness is indicative of coral stress and resource allocation: thicker tissues indicate high 

energy investment into energy storage, whereas low tissue thickness is indicative of stressful 

conditions and/or low energy reserves (Barnes and Lough 1999, Fitt et al. 2001, Anthony et al. 

2002, Jacobson et al. 2016, Putnam et al. 2017). Corals from bommies without vermetids (i.e., 

resistant phenotype) had thicker tissues and higher symbionts densities, which can yield more 

resources (i.e., energy derived from Symbiodinium or energy reserves, Barnes and Lough 1999, 

Loya et al. 2001) and allow for faster recovery from disturbances events that lead to open space 

on reefs. Vermetids cannot colonize live coral tissue (Phillips et al. 2014), thus free space on 

bommies is critical for vermetids to settle successfully. Indeed, the mechanism that may allow 

vermetids to colonize to reefs is slower recovery over bare areas (i.e., if reefs have thinner 
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tissues, and less dense Symbiodinium, like the vermetid present, tolerant reef type). Additionally, 

the high percent cover of coral on bommies without vermetids may be why we observed higher 

linear extension compared to bommies with vermetids or with a history of vermetids (linear 

extension of bommies). At the reef scale, linear extension was likely higher on the vermetid 

absent bommies because of more contiguous tissue compared to reefs that where live tissue was 

interrupted by other species that negatively affect coral growth (i.e., vermetid present reefs; Vega 

Thurber et al. 2012, Shima et al. 2013). Additionally, these two types of reefs may show a trade-

off between density and linear extension: the tolerant phenotypes may have denser skeleton (i.e., 

spaces in the skeleton are filled with calcium carbonate), but lower linear extension, whereas the 

resistant phenotype may have less dense skeletons, and faster linear extension (Smith et al. 

2007).  However, corals from vermetid present reefs would need to be more than 4x as dense to 

account for the inverse relationship between calcification and linear extension, thus differences 

in density are likely combined with other factors (e.g., live coral cover and nearby polyps 

contributing to growth and calcification, Hamman 2017).  

Some coral microbial traits also vary between these proposed tolerant and resistant 

phenotypes. Several families had higher relative abundances on one type of reef compared to the 

other, and did not change with transplantation to the other environment. For example, 

Endozoicimonaceae had a higher relative abundance on corals previously exposed to vermetids. 

This is a family of putative coral symbionts, which are hypothesized to act as a probiotic (Glasl 

et al. 2016). The likelihood of foreign microbial invasion is higher on vermetid present reefs. 

Because vermetid nets collect particles, including bacteria, from the water column, this likely 

increases contact between corals and potential pathogens. Thus, this probiotic symbiont family 

may be selected for in coral mucus in the presence of vermetids to reduce pathogen invasion. 
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Therefore, the tolerant phenotype (vermetid present reefs) may be more pathogen-resistant than 

the vermetid absent phenotype. 

Some of the phenotypic differences (i.e., growth rate, tissue thickness, Symbiodinium density 

and microbial communities) associated with origin reef type are likely due to the underlying 

genetic differences among the corals as indicated by the presence of two distinct mitotypes that 

correlate with the presence versus absence of vermetids.  Differences in mtCOI are typically low 

in corals (Shearer and Coffroth 2008, Wares 2014), suggesting that the observed differences in 

mtCOI between the two groups of corals may be evolutionarily significant.  Yet, massive Porites 

species complex is notoriously difficult to differentiate visually, as they show considerable 

morphological plasticity, despite genetic diversity (Smith et al. 2007, Forsman et al. 2009, 2015, 

Boulay et al. 2013). Some massive Porites species are able to hybridize (Forsman et al. 2017), 

which further blurs genetic distinctions between putative species. Additionally, (Schweinsberg et 

al. 2016) found considerable intracolony genetic variation (although based on nuclear markers) 

in massive Porites corals in the same location where our study was conducted (Mo’orea, French 

Polynesia). Indeed, the one reef that had vermetids, but a shared mitotype with bommies that 

lacked vermetids, may indicate hybridization across these coral types (Forsman et al. 2017) or 

even show intracolony genetic variability (Schweinsberg et al. 2016). The mismatched reef had 

vermetids despite a mitotype indicative of reefs without vermetids. By comparing its response, 

we could possibly infer the relative role of environment vs. genetics in producing the observed 

patterns.  This coral had calcification rates and Symbiodinium densities similar to the corals with 

the same mitotype; however, tissue thicknesses were more similar to corals with a history of 

contact with vermetids (Appendix 5A.Fig 1). This suggests a more complex interpretation, such 

as hybridization.  



 

121 

In the second transplant experiment, although corals were only exposed to vermetids for one 

week, we still observed an effect of transplant (albeit a reduced) on calcification (Fig. 5.7), thus 

vermetids can have lasting effects on coral growth. We also observed drastically lower 

calcification of corals from reefs previously exposed to vermetids (and no difference in 

calcification of corals not exposed to vermetids, transplanted back to their home-type reefs). 

Although the causes of the die-off are unknown, our working hypothesis is that the die-off was 

due to a pathogen. The pathogen may have spilled over and affected the vermetid present 

bommies, leading to an overall reduction in growth rates of corals previously exposed to 

vermetids.  Thus, the presence of vermetids can expose bommies to different selective pressures 

(i.e., pathogens), which may influence the trajectory of bommies on a reef.  

Whether or not these phenotypes are due to local adaptation to vermetids or are the result of 

another selective pressure (i.e., if the phenotypes we observe is an example of exaptation, Gould 

and Vrba 1982), it is likely these coral types respond similarly to other stressors currently facing 

coral reefs. Massive Porites spp are frequently considered environmentally tolerant corals 

(Lough and Barnes 1999, Putnam et al. 2012), but this designation may depend on whether the 

tolerant (fast-growing, disturbance-prone, vermetid present) phenotype or resistant (slow-

growing, disturbance and vermetid absent) phenotype is present. Because of the thinner tissues 

and reduced resource provisioning (i.e., due to sparser densities of Symbiodinium), these colonies 

may be more prone to disturbance, which could lead to overall lower colony growth even if these 

colonies have the potential for higher calcification rates. Resistant coral colonies, alternatively, 

may be able to better prevent colonization of other benthic space occupiers (like vermetids), but 

maybe more vulnerable to potential pathogens. Therefore, if back reef environments are 
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dominated by the tolerant (potential for faster growth, but thin-tissue, disturbance-prone) 

phenotype, they may be more likely to shift towards lower coral cover.  

Extended phenotypes of Porites corals 

Several traits differed due to the underlying genetic structure of corals (i.e., calcification, 

Symbiodinium densities and tissue thickness), which we expect to lead to differences in 

colonization by vermetids to these reefs. We expect that corals with thinner tissues, and lower 

densities of Symbiondium is indicative of lower energetic reserved for tissue growth. Because of 

this lowered resource potential, these corals likely recover more slowly after a disturbance. The 

increased space availability provides the opportunity for vermetid colonization. In other systems, 

underlying genetic variation leads to differences across communities. This concept has been 

extensively studied in cottonwood trees (reviewed in Whitham et al. 2006). For example, 

underlying genetic variation in cottonwoods trees can lead to different arthropod communities 

(Bangert et al. 2006) and differences in aquatic insect emergence (Compson et al. 2016). 

Additionally, differences in resistance to gypsy moths by pinyon trees lead to differences in 

community trajectories (reviewed in Whitham et al. 2006). As gypsy moths are part of the 

extended phenotype of pinyon trees, I suggest vermetids are part of the extended phenotype of 

massive Porites. The presence of vermetids on reefs can lead to decreased herbivory (Tootell and 

Steele 2014), differences in competition with other benthic species (Jacobson 2018, Ch 4), and 

deceleration of succession on reefs (Brown, unpublished), and because they only settle to reefs 

with higher calcification rates, that likely feedback to affect coral colony morphology, leading to 

flatter and wider corals.  

Cryptic variation in phenotypic traits is likely present across different reefs, as may be 

present in communities besides coral reefs. Here, genetic variation underlies the interactions 
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between corals and vermetids, likely by determining the rate at which corals recover from 

disturbances, which allows for the opportunity for vermetid colonization. After colonization, 

however, vermetids may affect interactions with the coral and other organisms in the reef 

community, thus can act as a part of the reef’s extended phenotype. We highlight that the 

extended phenotype (including microbes and other interactors like vermetids) is critical to 

understanding variation in the trajectory of communities.   
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Figure 5.1: Linear extension (mm) of bommies with vermetids naturally absent, with vermetids 

experimentally removed and with vermetids present. We observed significantly greater linear 

extension of the bommies without vermetids compared to those that previously had vermetids, 

even if they were experimentally removed (treatment effect: F2,12=27.39, p < 0.001).  Data 

provided by Jeffrey S. Shima and Craig W. Osenberg. 
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Figure 5.2: Responses of corals from vermetid absent (circles) and vermetid present (triangles) 

reefs after transplanting to either vermetid present or vermetid absent reefs in the first transplant 

experiment. Arrows point in the direction of the transplant. Skeletal growth (a) differed based on 

the origin and transplant reef (Origin: p = 0.01, Transplant: p < 0.0001). Tissue thickness (b) 

differed based on origin reef (Origin: p  = 0.049, Transplant: p = 0.953, Origin x Transplant: 

0.896). Symbiodinium densities showed a significant effect of origin reef (p <0.001), and 

although not significant, there were trends suggesting an effect of transplant reef type (p = 

0.052), and an interaction between transplant and origin reef type (Origin x Transplant: p = 

0.098). 
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Figure 5.3: Mean± SE of diversity metrics (Rarefied richness, Chao1 richness and Shannon 

diversity) from the first transplant experiment. For each metric, we observed a significantly 

higher richness or Shannon diversity after transplanting corals to vermetid reefs for corals from 

both vermetid and absent reefs (Rarefied: F1,37 = 9,72, p = 0.004; Chao1: F1,37 = 8.14, p = 0.007; 

Shannon: F1,37 = 9.45, p=0.004).   

  

50
60
70
80
90

R
ar
ef
ie
d
R
ic
hn
es
s

60
80
100
120
140

C
ha
o1

R
ic
hn
es
s

Origin Reef
Absent
Present

3.4
3.6
3.8
4.0

Absent Present
Recipient Reef

Sh
an
no
n
D
iv
er
si
ty



 

127 

 

Figure 5.4. Relative abundance of OTUs by Family. Each bar represents a separate sample, and 

each facet refers to a different treatment (separated by vermetid presence and absence on origin 

and recipient reefs). Families that represent <3% , of the sample were combined into the “Other” 

category. The Unknown category represents groups that were not assigned taxonomy.  
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Figure 5.5: Non-metric multidimensional scaling plot, where each dot represents the Mean ± SE 

across the microbial communities sampled. Data are based on Bray-Curtis dissimilarity matrices. 

Stress values between 0.1 and 0.2 are deemed “acceptable” (Legendre and Legendre 1998), thus 

this indicates an acceptable fit. Origin reef types are indicated by circles (absent reefs) and 

triangles (present reefs). Outline color indicate transplant reef; black indicate transplants to a 

vermetid present reef, and gray outline indicate corals transplanted to vermetid absent reefs. 

Arrows indicate direction of transplant to reefs that are different from the origin type. We 

observed significant differences based on origin reef type (p = 0.001) and recipient reef type (p = 

0.001).  
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Figure 5.6a-r. Mean ± SE relative abundance of families that differ depending origin reef, 

transplant reef or a significant interaction between them. Families were chosen based on 

coefficients of the PERMANOVA (coefficient >0.005). Circles indicate samples came from 

vermetid absent reefs originally, and triangles indicate samples came from vermetid present reefs 

originally. Results of statistical tests are within each plot, O = Origin treatment, T = Transplant 

treatment, O x T = Origin x Transplant.  Significant codes: ns: p>0.1; *: p<0.05; **: p=<0.01, if 

0.05>p <0.1, the p value was provided.  
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Figure 5.7. Results for the second reciprocal transplant study that spanned the vermetid die-off. 

Data are mean ± SE for (a) calcification rate, (b) tissue thickness. Circles represent samples from 

originally vermetid absent reefs, and triangles represent corals from originally vermetid present 

reefs. Calcification was significantly affected by recipient reef (transplant: F1,70 = 4.8, p = 0.03), 

and origin reef (F1,6 = 5.67, p = 0.05); there was no significant interaction (O x T: F1,70 = 2.19, p 

= 0.14). Tissue thickness was affected by origin reef (F1,6 = 17.85, p = 0.006), but there was no 

effect of recipient reef or an interaction between the two (T: F1,70 = 0.03, p 0.84, O x T: F1,70 = 

0.36, p = 0.56). Refer to Figure 5.2 to compare with results from the first experiment.  
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Figure 5.8. Tree based on variation in single nucleotide polymorphisms (SNPs) of MtCO1 gene 

(mitochondrial cytochrome c oxidase). Groups are significantly different from each other 

(Hudson’s Snn = 0.877, p < 0.001). Colors indicate the presence and absence of vermetids: 

orange indicates bommies (reefs) that lacked vermetids; purple indicates bommies with 

vermetids.  
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5.Appendix 

 

5A Figure 1. First transplant experiment: isolating by clade. Mean ± SE of (top panel): change in 

skeletal mass; (middle panel): tissue mass; (bottom panel): Symbiodinium density. Shapes 
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indicate the underlying host genetics, where circles indicate group A, triangles indicate group B 

and square is unknown. Colors indicate the transplant environment; black is transplant to a 

vermetid absent reef and gray is transplant to a vermetid present reef. For all reefs except one, 

the mitotype indicates the presence or absence of vermetids. The one odd reef (gray and black 

circle on the right side of the graphs) has the same genetic signature as the vermetid absent reefs 

(A), but had vermetids present. The unknown mitotype (square) was also from a vermetid 

present reef.  
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5.A Figure 2. Non-multidimensional scaling plot, where each dot represents the mean ± SE 

across the microbial communities sampled from the first transplant experiment. Shapes indicate 

sample type (corals are circles, triangles are sediment samples, and squares are mucus nets). 

Colors indicate treatment. Initial indicates microbial samples taken at the beginning of the 

experiment; final indicates samples taken at the end of the experiment. In the legend “NA” under 

the recipient reef category indicates microbial communities from the bommies where samples 

came from and were placed.  Data are based on Bray-Curtis dissimilarity matrices in two 

dimensions. We observed significant differences based on sample type according to 

PERMANOVA results (p = 0.0001). 
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SUMMARY 

 

Interaction modifications can include induced changes in physio-chemical conditions and 

phenotypes of individuals. Furthermore, microbes play an important role, both in creating 

physio-chemical conditions and in determining responses to those conditions, particularly when 

they are associated with a host. Ecologists have begun to appreciate the wide-reaching 

associations between organisms and their microbial associations, such as humans and our gut 

microbiota (Li et al. 2008), or plants and roots microbiota (van Der Heijden 2003). For host-

associated microbes, microbial communities can be considered part of an organism’s extended 

phenotype (Dawkins 1976). Thus, in my dissertation, I included microbial assemblages in the 

concept of phenotypes (microbial communities as traits) that can change in response to 

environmental stimuli. I focused on the increasingly best-studied holobiont (hosts + microbes): 

corals.  

For my first three data chapters (Chapter 2-4), I focused on interaction modification of coral-

algal interactions by vermetids. Macroalgae (hereafter, called algae) decrease coral growth and 

survival (Jompa and McCook 2003a, 2003b, Quan-Young and Espinoza-Avalos 2006). A 

hypothesized mechanism underlying the deleterious effects of algae on corals involves the 

release of dissolved organic carbon (DOC) from the algae (Smith et al. 2006, Nelson et al. 2013). 

DOC stimulates microbial growth and can lead to shifts in microbial communities and/or 

hypoxia near coral surfaces (Smith et al. 2006, Haas et al. 2011, 2013, Nelson et al. 2013).  

These effects can be deleterious to the coral, resulting in decreased growth and survival, and 
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positively affecting algal cover (Smith et al. 2006). However, the effects of algae on corals are 

context dependent, and can change depending on the physical environment (e.g., water flow) and 

the presence of other species (Wangpraseurt et al. 2012, Brown and Carpenter 2013). One such 

species might be the vermetid gastropod, Ceraesignum maximum. C. maximum produce a mucus 

net used for feeding (Kappner et al. 2000). When a mucus net covers a coral that is in close 

proximity to algae, the net may exacerbate the effects of algae on corals by 1) decreasing water 

flow; 2) synergistically decreasing coral growth; and/or 3) leading to changes in the coral’s 

microbial communities, favoring species with increased virulence and/or enhancing stress by 

changing the concentration of dissolved materials (e.g., oxygen or waste products). I tested these 

hypotheses in my dissertation.  

In Chapter 2, I examined how vermetids changed the physio-chemical conditions above 

corals and corals interacting with algae. Using a series of field surveys and lab flume studies, I 

found that the mucus net changes the physical and chemical conditions around corals by 

reducing water flow and lowering oxygen concentrations (Chapter 2). I concluded a likely 

mechanism underlying the effects of vermetids involves the creation of low flow conditions 

around corals, especially in the presence of algae because low flow can facilitate the retention of 

harmful solutes. Additionally, my results suggest that mucus net cover alters microbial 

metabolism, through changes in microbial respiration or photosynthesis, which led to lower than 

expected oxygen concentrations in the light. Thus, vermetids create conditions that can modify 

coral-algal interactions through their effects on microbes.  

In Chapter 3, I surveyed microbial communities on corals that were in contact with algae, 

vermetids or both algae and vermetids to determine if vermetids and algae have synergistic 

effects on coral microbial communities. Algal presence led to increased alpha diversity, driven 
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by increases in abundances of pathogenic groups and increased microbial families that can 

withstand low oxygen conditions. These results suggest algae can reduce the spatial variance 

across coral microbial communities, likely because algal presence leads to stressful conditions 

that specific families of microbes tolerate. These results provide evidence that algae may create 

conditions that promote the hypothesized mechanism of microbially-mediated competition. In 

contrast, vermetids had no effects on the identity of microbes in the absence of algae, and there 

was no evidence that vermetids exacerbated the shifts in microbes caused by algae. Thus, 

although vermetids create conditions that allow for microbially-mediated mechanisms, vermetids 

did not appreciably change the identity of microbial communities, although they may change 

microbial metabolic expression (e.g., increased respiration, Chapter 2).  

In Chapter 4, I conducted a field experiment where I manipulated the presence and absence 

of vermetids and algae to determine the trait-mediated effects of vermetids on coral-algal 

interactions. I focused on three coral traits: calcification, lateral extension, and microbial 

communities. I conducted two experiments and found different, highly variable results. 

Increasing vermetid net cover decreased coral calcification, but net cover only weakly reduced 

lateral extension in one year (this effect was not significant). Algae did not affect calcification, 

but reduced lateral extension, only in the presence of vermetid mucus nets. These effects 

however were not mediated by changes to coral microbiomes, as I observed no clear pattern in 

microbial communities. However, communities generally showed higher alpha diversity in this 

field experiment compared to the field survey reported in Chapter 3, indicating the corals in the 

field experiment likely experience higher stress than the field samples, or all experimental corals 

experienced a lingering algal effect. I concluded that there was not strong evidence for trait-

mediated indirect effects on coral-algal interactions, nor was there strong evidence for 
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deleterious direct effects that had previously been demonstrated for both vermetids and algae on 

coral growth, lateral extension and microbial communities.   

Because of the surprising lack of vermetid effects of different aspects of the coral phenotype, 

where other studies have found strong vermetid effects, I hypothesized that corals with a history 

of contact with vermetids allowed for some degree of adaptive phenotypic plasticity to vermetids 

(Chapter 5).  I therefore predicted that the response of coral to vermetids would depend upon 

their prior history of contact with vermetids: corals that had a history of interacting with 

vermetids would be less sensitive to vermetids than corals that had not previously interacted with 

vermetids. I did not find compelling evidence of adaptive phenotypic plasticity to vermetids: 

corals always showed reduced growth in the presence of vermetids, independent of their 

historical exposure to vermetids. There was a weak trend suggesting that Symbiodinium densities 

decreased only when corals from reefs without vermetids were subsequently exposed to 

vermetids. In contrast, there were strong effects of the historical state of bommies on the 

responses of corals: i.e., coral growth rate, tissue thickness and Symbiodinium density, under a 

common environment, differed depending on whether the coral came from a reef with vermetids 

(faster growth, thinner tissue, denser Symbiodinium) or a reef without vermetids (slower growth, 

thicker tissue, sparser Symbiodinium). Vermetids also increased bacterial richness, however the 

composition of the community differed depending on both historical reef type and transplant reef 

type. Interestingly, I also found genetic differences between coral on reefs with vs. without 

vermetids, indicating there is likely an interplay between coral genetics, the coral phenotype and 

the coral microbiome that lead to variation in recovery of reefs from disturbances and the 

likelihood of being colonized by vermetids. I suggest that the two coral mitotypes represent 

suites of traits that likely lead to differences in their vulnerability to vermetid colonization. 
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Corals with thicker tissues and higher Symbiodinium densities grow slowly but are able to 

recover quickly from tissue removal or other disturbance events.  As a result, vermetids, which 

cannot settle to live coral, have little chance to colonize these reefs because they have little open 

space.  In contrast, other corals have higher inherent growth rates, but thinner tissue (and lower 

Symbiodinium densities); thus, they are more likely to be disturbed and are probably slower to 

recover from disturbances. As a result, they have more open space and are more easily colonized 

by vermetids.  Thus, the spatial pattern of vermetid-coral occupancy is likely driven more by 

coral genetics than it is by differential responses of these corals to vermetids. 

The results collectively demonstrate variation in the effects of vermetids and algae on corals, 

within and among the traits I measured. Algae tend to have stronger localized effects on corals: 

they mostly influence the growing edge of the coral (i.e., microbial communities and lateral 

extension), but vermetids have stronger effects on coral calcification, indicating these two groups 

act on different coral traits, and these aspects of coral phenotype are de-coupled on the time scale 

of short-term experiments (Chapter 3, Chapter 4). Additionally, the high variability for each trait 

I measured, especially in Chapter 4, may be due to cryptic genotypic variation among massive 

Porites corals as observed in Chapter 5.  

For coral reef ecology, my dissertation suggests reefs may be more resilient to biological 

stressors than currently considered (Harborne et al. 2017). Because these two common biological 

stressors can have variable (i.e., no or additive) effects, likely due to the presence of cryptic coral 

phenotypes, it is possible that corals on disturbed reefs have phenotypes that can persist in the 

face of benthic community stressors.  Additionally, as the “disturbance vulnerable” phenotype 

contained higher relative abundances of the symbiotic microbial family, Endozoicimonaceae, 
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these corals may be more pathogen resistant, which could promote resilience of corals even after 

disturbances.  

My dissertation bridges ecology, microbiology and evolutionary ecology, through studies of 

the potential trait-mediated effects of vermetids on corals and on coral-algal interactions, in 

which these traits include the coral’s microbiome as well as physio-chemical environment 

surrounding the interacting organisms. The incorporation of trait-mediated effects to include the 

extended phenotype, especially the microbiome, is an important extension of the growing 

literature on indirect effects. Furthermore, an active area of study is the relationship between 

microbial changes and whole-organism measurements, which my dissertation begins to explore. 

I suggest that many species likely interact by changing the microbial assemblages with which the 

other species interacts.  
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