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ABSTRACT 

 Corallivores, predators of coral, span a wide range of taxa on tropical reefs. Corallivores 

can affect coral fitness, leading to reduced growth and reproduction, and at high densities, can 

cause mass coral mortality. As human-made threats to corals escalate and compound the effects 

of corallivory, coral reef managers increasingly need monitoring tools to track changes in 

corallivory. Historically, corallivory has been monitored with in situ visual surveys or post-hoc 

estimates derived from photoquadrats, both methods of which have limitations. Structure from 

Motion (SfM) photogrammetry, an imagery-based methodology, has emerged as a potential 

alternative. I counted bite marks by reef fishes on colonies of 16 coral species in paired in situ 

visual and SfM surveys at sites around Oʻahu to evaluate the accuracy of SfM as corallivory 

monitoring tool. I found significant differences in bite counts between methods, with SfM 

detecting higher counts. This disparity was more pronounced at deep sites and locations with 

high coral cover, reflecting the limitations of SCUBA diving inherent during in situ surveys. 

However, despite differences in absolute counts, both methods were consistent in qualitative 

patterns across sites, indicating that SfM is a viable tool to quantify corallivory, with potential for 

enhanced accuracy. Given the success of this tool, I leveraged the same data to investigate 

patterns and drivers of corallivory. My analysis revealed consistent consumption of only six coral 

species by reef fishes. There was also a positive relationship between species-specific coral cover 

and predation intensity for the preferred coral species of each corallivore, shedding light on 

common predator-prey interactions. Considering the heightened vulnerability of recently 

outplanted corals to predation, this information can inform coral restoration methodologies, 

ultimately yielding more favorable outcomes. Lastly, I studied the feeding ecology of a common 
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corallivore around Oʻahu, the cushion sea star (Culcita novaeguineae), which may be increasing 

in abundance at some sites, representing a potential local stressor. I tested prey choice by running 

pairwise comparisons of corals of opportunity from different species and tracking the order of 

consumption. I used three methods to construct a feeding hierarchy, and across all methods, stars 

overwhelmingly preferred Pocillopora spp. and rarely consumed Porites spp. These findings 

indicate which coral species may face increased predation as seastar populations increase, which 

has implications for local coral restoration efforts and coral community trajectory under future 

conditions. 
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Chapter 1 – General Introduction 
 

Daniela Escontrela Dieguez 

 

Coral reefs are important undersea oases providing numerous goods and services to 

humanity (Moberg and Folke 1999). For example, coral reef tourism is a major revenue source in 

the United States (Spalding et al. 2017) and shoreline protection by reefs substantially reduces 

coastal erosion and flooding costs (Beck et al. 2018). As ecosystem engineers (Jones et al. 1994), 

corals are also ecologically important, offering habitat for a quarter of marine species (Knowlton 

et al. 2010), including fishes (Coker et al. 2014) and invertebrates (Stella et al. 2010). 

Despite their importance, coral reefs have seen a 50% reduction in global cover since the 

1950s due to increased human-induced stressors at both local and global levels (Eddy et al. 

2021). Globally, rising ocean temperatures have made coral bleaching events more frequent and 

severe (Hughes et al. 2018), with predictions of annual occurrences as early as 2040 (Van 

Hooidonk et al. 2016). Locally, threats such as overfishing (Roberts 1995), sewage discharge 

(Sutherland et al. 2010), and sedimentation (Erftemeijer et al. 2012) add to coral reef stress. 

Given the numerous socioeconomic and ecological benefits coral reefs provide, their protection 

is imperative. 

Addressing global stressors like coral bleaching will require time and international 

cooperation. In the meantime, evidence suggests that local management can help offset global 

changes or at least buy reefs time until carbon emissions are stabilized (Kennedy et al. 2013, 

Anthony 2016, Donovan et al. 2021). Effective local management will necessitate both passive 

(e.g., habitat protection) and active (e.g., restoration) interventions (Possingham et al. 2015), but 
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the success of these approaches hinges on our understanding of coral reef ecology, particularly 

trophic interactions such as corallivory (predation on corals). Corallivores include a variety of 

taxa such as annelids, mollusks, crustaceans, echinoids, and fishes (Cole et al. 2008, Rotjan and 

Lewis 2008). These predators exhibit various feeding modes, consuming coral mucus, polyps, 

and/or tissue (Rice et al. 2019). As a natural and essential component of coral reefs, corallivores 

affect reefs at both the colony and reefscape scale. 

The effects of corallivores on coral colonies are well documented (Cole et al. 2008, 

Rotjan and Lewis 2008, Rice et al. 2019). The most obvious consequence of corallivory is full 

colony mortality (Kopecky et al. 2021). But, because corals are limited by metabolic resources, 

predation can also reduce overall growth (Henry and Hart 2005, Lenihan and Edmunds 2010, 

Palacios et al. 2014), inhibit sexual reproduction (Henry and Hart 2005), and/or lead to 

morphological changes (Palacios et al. 2014) while materials and energy are directed to wound 

healing. Selective predation on coral polyps ripe with eggs has also been documented (Rotjan 

and Lewis 2008) and lesions caused by predators do not always heal, further debilitating corals 

and making them more susceptible to disease (Bak and Steward-Van Es 1980). 

These colony-level effects often translate to changes at the reefscape level. Outbreaks of 

corallivores can lead to mass mortality events of corals. This phenomenon has been well 

documented on the Great Barrier Reef and in French Polynesia, where predation by the crown-

of-thorns sea star (Acanthaster planci) was the leading source of coral mortality prior to recent 

bleaching events (De’ath et al. 2012, Kayal et al. 2012). Corallivores also help moderate coral-

coral and coral-algae competition. For example, Cox (1986) found that selective predation of the 

faster-growing Montipora capitata by the corallivorous Chaetodon unimaculatus opened space 
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for the slower-growing Porites compressa. Other animals, such as parrotfishes, which double as 

corallivores and herbivores depending on species and body size, can also moderate coral-algae 

competition (Miller and Hay 1998). Predation has also caused shifts in community composition 

towards predation-resistant coral species (McClanahan et al. 2005) and corallivores can hinder 

coral reef recovery after disturbance events (Mumby et al. 2016, Bruckner and Coward 2019). 

The ecological importance of corallivores demands that we have better tools to accurately 

quantify predation on corals and understand its drivers. In situ visual surveys, where divers count 

bite marks underwater, have been the standard for corallivory assessments. However, these 

surveys are field-intensive and underwater time is limited, restricting the type and quantity of 

data divers can collect on a single dive. Alternatively, photoquadrats—post-hoc estimates of bite 

counts from individual photos of the reef—have been used. However, photoquadrats capture 

only small, non-continuous reef areas and may underestimate corallivory due to the challenge of 

studying a 3D environment through a single 2D image. Structure-from-motion (SfM) 

photogrammetry is increasingly being used by reef managers and can compile many reef metrics 

from a single model (Bryson et al. 2017, Ferrari et al. 2017, House et al. 2018, Lange and Perry 

2020, Kornder et al. 2021). In the context of corallivory surveys, SfM has been used to study 

only parrotfish corallivory (Charendoff et al. 2023a, 2023b), but no studies have assessed its 

validity in quantifying corallivory more broadly. 

Given the lack of studies investigating the use of SfM for accurate corallivory 

monitoring, the second chapter of this dissertation, “Whose Bite? Evaluating the use of structure-

from-motion for monitoring corallivory,” compares in situ visual surveys with SfM surveys. The 

goals of this study were to (1) compare corallivory rates derived from SfM annotations with 
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estimates from in situ surveys, (2) assess the strengths of SfM by evaluating how variables that 

could impose time limitations in the field—specifically depth and hard coral cover—influenced 

the recorded bite mark counts, and (3) evaluate how nuances specific to quantifying different 

types of predation on different coral species affected estimates from SfM. 

With the growing need for passive and active management interventions, corallivores 

have emerged as a potential obstacle to the success of restoration activities. For example, 

recently outplanted corals experience high levels of predation (Koval et al. 2020, Smith et al. 

2021), potentially undermining the efficacy of restoration efforts. Understanding trophic 

interactions such as corallivory could help inform more effective management strategies. Prey 

choice (Rotjan and Lewis 2008), the healing potential of bite scars (Cameron and Edmunds 

2014), and the relationship between hard coral cover and the local distribution and abundance of 

corallivores (Bouchon-Navaro and Bouchon 1989, Jayewardene et al. 2009, Roff et al. 2011, 

Burkepile 2012) have been well documented. However, patterns have been equivocal and 

corallivory patterns show regional variation (Cox 1986, Pratchett 2005). Furthermore, the 

relationship between coral cover and corallivory is often not disaggregated by the availability of 

all coral species (Jayewardene et al. 2009), which is important given that corallivores use corals 

for both refuge (Cole et al. 2008) and as a source of food (Rotjan and Lewis 2008). Regional 

variance in corallivory patterns, combined with inconsistent results among studies at different 

localities, underscores the need for place-based knowledge to inform regional reef management. 

Given the need for place-based knowledge, the third chapter of this dissertation, 

“Exploring corallivory patterns around Oʻahu, Hawaiʻi to guide coral reef management,” used 

SfM data from chapter two to investigate patterns and drivers of corallivory around Oʻahu. 
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Based on previous studies and field observations, we hypothesized that only a select few coral 

species would be heavily consumed. Specifically, Montipora spp., Pocillopora spp., and Porites 

spp. were expected to be among the most eaten, with susceptibility varying by predator type. 

Since corallivores depend on coral for food and shelter, we also hypothesized that predation 

intensity would increase with resource availability (i.e., hard coral cover) and that there would be 

stronger positive relationships between predation and species-specific coral cover for the 

preferred coral species of each predator. Lastly, we hypothesized that the healing condition of 

observed corallivore bite marks would vary among coral species and predator types, with more 

healing bite marks observed on coral species with shallower tissue layers and on wounds of a 

more superficial nature. 

Lastly, I delved into a native coral predator found around the island of O‘ahu, the cushion 

star (Culcita novaeguineae). Cushion stars are browsers that feed on coral polyps by everting 

their stomach over their prey (Birkeland 1989). Surveys conducted in the 1980s found densities 

of less than 21 individuals per hectare at my study site off Waikīkī, O‘ahu, whereas recent 

surveys I conducted in the same location had an average of 30 individuals per hectare (Glynn and 

Krupp, 1986, D. Escontrela Dieguez unpublished). Past studies have investigated the feeding 

preferences of the cushion seastar, but these studies lasted for short periods of time (e.g., 

approximately one day) (Glynn and Krupp 1986, Hawkins 2006, Bell 2008), tested only a few of 

the coral species common in Hawai‘i (Glynn and Krupp 1986), and were either conducted only 

in laboratory settings (Glynn and Krupp 1986, Hawkins 2006, Bell 2008) or were purely 

observational studies (Goreau et al. 1972, Thomassin 1976, Montalbetti et al. 2019). 
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Understanding which coral species are most susceptible to predation will be imperative for 

managers in the event of a cushion sea star outbreak. 

Due to limitations in previous prey preference studies, chapter four, “Corallivory by the 

cushion seastar (Culcita novaeguineae) in Hawai‘i,” used manipulative in situ experiments to 

understand the feeding behavior and preferences of the cushion seastar. Drawing from previous 

studies, field observations, and known coral characteristics, we hypothesized that cushion 

seastars consume coral species in a nonrandom manner. Specifically, we predicted that, cushion 

seastars would exhibit the following hierarchy of prey choice, listed from most preferred to least 

preferred: Pocillopora spp., Pavona varians, Pavona duerdeni, Montipora patula, Montipora 

capitata, Leptastrea spp., Lobactis scutaria, and Porites compressa and mounding Porites tied at 

the bottom of the hierarchy. 

The research presented in this dissertation employed observational and field studies to 

develop new tools for monitoring corallivores, investigate patterns and drivers of corallivory 

around the island of Oʻahu, and examine the feeding behavior of a prominent corallivore in the 

region. 
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Abstract 

Corallivory, or predation on corals, is a naturally occurring process which at high levels 

can impair coral growth, reproduction, and recovery. Traditionally, corallivory monitoring has 

been achieved through in situ visual surveys and 2D photoquadrats. However, 3D imaging 

techniques, such as structure-from-motion (SfM), provide a powerful tool to collect high 

resolution colony-level data with limited field effort. Here, we conducted corallivory surveys 

using a recently developed SfM method around the island of Oʻahu, Hawaiʻi paired with in situ 

surveys to evaluate the accuracy of SfM as a corallivory monitoring tool. Our primary objectives 

were to test for differences in bite counts between methods and to understand how depth, hard 

coral cover, type of predator, and coral species further influenced that difference. Overall, bite 

counts varied significantly between methodologies, with higher counts recorded through SfM 

annotations, and an average difference between methods of 17.34 bite marks m-2. These 

differences further varied among types of predators in combination with the coral species they 

consumed. Lastly, at deeper and higher coral cover sites, the difference in bite counts between 

methods was greater than those at shallower and lower cover sites. These differences likely 

reflect the inherent air and time limitations divers face that do not exist when annotating SfM 

models. Despite differences in absolute counts, both methods were consistent in the qualitative 

patterns of relative corallivory across sites, whereby methods aligned in the ranked order of sites 

from the least to most corallivory observed, and the estimated difference between methods was 

modest in relation to the range of observed bite mark densities. Overall, our results indicate SfM 

is a viable tool to quantify corallivory, with the added benefit of enhanced accuracy at sites 

where diver-based surveys are logistically limited. 
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2.1 Introduction 

Corallivores, or coral predators, encompass a diverse range of taxa (Rotjan and Lewis 

2008) which confer many important benefits to coral reefs. For example, they can remove high 

sediment loads from corals (Stewart et al. 2013), mediate coral-coral (Cox 1986, Littler et al. 

1989) and coral-algal competition (Miller and Hay 1998), and deter more voracious coral 

predators (Glynn 1976). However, corallivores can also negatively affect corals. At the colony 

level, corals have the ability to heal corallivory scars, but predation can hinder coral growth and 

reproduction as metabolic resources are diverted to wound healing (Henry and Hart 2005, 

Lenihan and Edmunds 2010, Palacios et al. 2014). Corallivores can also selectively feed on 

gravid polyps (Rotjan 2007), transfer diseases between coral colonies (Nicolet et al. 2018, Renzi 

et al. 2022), or cause complete colony mortality (Jayewardene et al. 2009). Moreover, 

corallivores are known to feed on coral recruits and/or juveniles which may impair or slow 

recovery following disturbance events (Mumby et al. 2016), and recently outplanted corals often 

experience high levels of predation, potentially threatening the efficacy of coral restoration 

efforts (Koval et al. 2020, Smith et al. 2021). At high densities, corallivores have also caused 

mass mortality of corals (De’ath et al. 2012). Aside from the negative effects of corallivory, coral 

reefs face many other threats at both global (e.g., ocean warming and acidification [(Hoegh-

Guldberg and Bruno 2010, Hughes et al. 2018)]) and local scales (e.g., sedimentation 

[(Erftemeijer et al. 2012)], sewage discharge [(Sutherland et al. 2010)], etc.), which can further 
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compound the effects of corallivory. For example, prolonged elevated temperatures can hinder 

wound healing from corallivores in Acropora spp. (Bonesso et al. 2017), overfishing can free 

invertebrate corallivores from top-down controls (McClanahan 1994), and nutrient enrichment 

can prolong wound repair in some coral species (Renegar et al. 2008). As threats to corals 

escalate and compound the effects of corallivory, coral reef managers increasingly need to 

implement monitoring strategies to track changes in corallivory. 

The effect corallivores have on corals can be determined by their feeding mode, of which 

there are four modes: (1) mucus eaters (e.g., Trapezia crabs) consume only mucus and some 

coral tissue, (2) browsers (e.g., some seastars, snails, and blennies) remove only coral tissue, (3) 

scrapers (e.g., some pufferfishes, filefishes, and parrotfishes) remove living tissue and a 

superficial layer of skeleton, and (4) excavators (e.g., some pufferfishes, filefishes, and 

parrotfishes) remove substantial tissue and coral skeleton (Rotjan and Lewis 2008, Rice et al. 

2019). Differentiating between these feeding modes is important because they can lead to 

varying coral healing rates (Rempel et al. 2020) that vary among coral species. For instance, 

scraper and browser bite marks heal more rapidly on Pocillopora meandrina than massive 

Porites species, whereas excavator lesions exhibit faster healing rates on massive Porites than 

Pocillopora meandrina (Cameron and Edmunds 2014). Therefore, monitoring tools must be able 

to distinguish between feeding modes as these can lead to distinct outcomes for coral colonies 

and coral reef communities. 

Corallivory assessments have historically been completed using in situ surveys, where 

divers count bite marks while underwater, and from photoquadrats, which are post-hoc estimates 

of bite counts derived from assessments of individual photos. While in situ visual surveys are the 
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current standard, they are field-intensive, have high long-term costs associated with field work, 

and validating observations would require multiple divers to survey the same area, further 

limiting the spatial extent of surveys as more resources are devoted to a single area. Alternately, 

photoquadrats offer a rapid way to gather corallivory data, but typically capture small, non-

continuous reef areas and may underestimate corallivory due to the challenge of studying a 3D 

environment with a 2D image (Rice et al. 2020). Structure from Motion (SfM) photogrammetry 

is an imagery-based technique that is increasingly being used to monitor coral reefs (Remmers et 

al. 2024). SfM surveys capture hundreds to thousands of overlapping photographs of a coral reef, 

which are then assembled using computer software to construct 3D point clouds and 2D, top-

down projections of the reef. Using SfM as a corallivory monitoring tool would enable 

researchers to survey continuous reef areas, thereby expanding coverage, and because imagery 

for multiple models can be captured in one dive, more surveys could be conducted per site. 

Furthermore, annotators could validate observations with each other without using up underwater 

time and estimates are likely more accurate than those derived from photoquadrats because 

surveyors have access to multiple images from different angles of the same reef area. Within the 

context of corallivory surveys, SfM has been used to study only parrotfish corallivory 

(Charendoff et al., 2023a, 2023b), with no studies conducted to assess its validity in quantifying 

corallivory more broadly. 

Here, we conducted corallivory surveys using a recently developed SfM methodology 

paired with in situ visual surveys, hereafter in situ surveys, to evaluate the accuracy of SfM as 

corallivory monitoring tool. The goals of this study were to: (1) understand how corallivory rates 

derived from SfM annotations compared to estimates from in situ surveys, (2) assess the 
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strengths of SfM by evaluating how variables that could impose time limitations in the field—

specifically depth and hard coral cover—influenced the recorded bite mark counts, and (3) 

evaluate how nuances specific to quantifying different types of predation on different coral 

species affected estimates from SfM. 

 

2.2 Materials and Methods 

Sampling Design 

Between June 2021 and October 2022, we surveyed two to six 20 m transects (sample 

size varied due to logistical constraints) at ten sites around Oʻahu, for a total of 39 transects 

(Figure 2.1). All sites were at least 3 km apart and transects within each site were separated by at 

least 20 m. Sites were selected to encompass a range in coral cover, rugosity, habitat type (as 

described in (Winston et al. 2020), and depth (Table S2.1). Transect placements within each site 

were haphazardly chosen along each depth contour.   

 

In situ data collection  

We surveyed all live coral tissue within seven 1 m × 1 m quadrats spaced 3 m apart along 

each 20 m transect. We recorded the number of bite marks on all live coral tissue, coral species, 

and identified the type of predation mark (hereafter ‘bite mark category’; Table 2.1; Escontrela 

Dieguez et al. 2023).  Although parrotfishes are considered scrapers and excavators, their bite 

marks received their own category in this study because they had a distinct bite shape that was 

easy to identify on most coral species. Note that parrotfish bites were not discernable on 

Pocillopora spp. and likely were lumped into the scraper and excavator category in those 
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instances. We identified all corals to the species level except Porites lobata and P. evermanni, 

which were both categorized as “Massive Porites'' and Leptastrea bewickensis, L. purpurea, and 

L. transversa, which were categorized as “Leptastrea species” due to difficulties in telling these 

species apart. Additionally, we documented invertebrate predation by Drupella snails and 

seastars, but ultimately excluded these predation types from the analysis due to infrequent 

occurrence (n= 24 out 273 quadrats). The placement of each quadrat was marked with a painted 

fishing weight to mark the boundary of the quadrat for post-hoc SfM analysis. 

 

Structure-from-motion data collection 

We collected SfM imagery covering the same transect area where we laid down quadrats 

to conduct corallivory surveys following techniques delineated in (Suka et al. 2019). Briefly, all 

imagery was captured using a Canon SL2 camera with an Ikelite housing and an 18 mm - 55 mm 

lens fixed at 18 mm. Imagery was inspected for issues with quality and uploaded to Agisoft 

Metashape to construct 3D dense point clouds (DPC) and 2D top-down orthomosaics, or 

geometrically accurate composite images based on the 3D structure of the DPC. Orthomosaics 

were exported from Agisoft Metashape (1 mm/pix resolution) and imported to ArcGIS Pro, 

where a geodatabase was added to each model and transect lines and quadrats were delineated, as 

described in Escontrela Dieguez et al. (2023). The fishing weights served as a guide for quadrat 

and transect placement in each ArcGIS Pro project and helped ensure the same reef areas were 

annotated as in the in situ surveys. We inspected the underlying imagery for all live coral tissue 

found within each quadrat using Viscore. When we found bite marks, we used the multipoint tool 

in ArcGIS Pro to annotate each bite mark and recorded the number of bite marks, coral species 
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on which they were found, and bite mark category. Two annotators extracted corallivory data 

from all models: one annotator was involved in both in situ surveys and annotations, while the 

other focused solely on annotations. Before commencing the full annotation process, both 

individuals independently annotated the same six quadrats to calibrate with each other. 

 

Hard coral cover data collection 

To estimate percent cover of live coral per quadrat, we clipped images of each quadrat 

from high resolution orthomosaics (default resolution <1 mm/pix), hereafter orthoblocks, using 

the methods described in Escontrela Dieguez et al. (2023). Orthoblocks were imported to 

CoralNet, a software used for benthic image analysis, where we annotated 35 randomly selected 

points to the lowest taxonomic level of coral species. The percent hard coral cover for each 

quadrat was then calculated by dividing the number of points that were categorized as hard coral 

species by 35. 

 

Data analysis 

All data were analyzed using R v4.3.1. The number of bite marks, between-method count 

differences, hard coral cover, and depth were averaged across quadrats per transect. We used 

plots of residuals versus fitted values to test for homoscedasticity and q-q plots of residuals to 

test assumptions of normality. 

To understand how corallivory rates derived from SfM annotations compared to estimates 

from in situ surveys, we employed a Wilcoxon Rank Test with and without outliers to test for 

differences in the total number of bite marks between methods. We defined outliers according to 
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(Baumann et al. 2022). To assess the strengths of SfM, we ran two analyses evaluating how 

variables that could impose time limitations in the field influenced recorded bite mark counts. 

First, we examined how bite mark counts varied between methods with depth by constructing a 

generalized linear mixed effects model (GLMM) using the Poisson distribution and site as a 

random effect. Second, we used a GLMM with a Poisson distribution to examine how bite mark 

counts varied between methods and bite mark categories with hard coral cover. Besides site, we 

also added depth, binned into 5 m increments, as a random effect to account for variability not 

explained in our fixed effects. Lastly, to evaluate nuances specific to quantifying corallivory with 

SfM, we examined how between-method differences varied between coral species with hard 

coral cover by building linear mixed effects models (LMMs) for each bite mark category with 

site and depth, binned into 5 m increments, as random effects. For these models, we removed all 

coral species in each bite mark category with less than four observations because their inclusion 

resulted in very wide confidence intervals from which we could not draw any conclusions. 

The fixed effects in each model were evaluated for significance using likelihood ratio 

tests (LRT). Upon identifying significant interactions, we tested for differences between slopes 

using the ‘lstrends’ function in R (Lenth 2016). When interactions were not significant but 

individual predictors were, we tested for differences between levels using  post-hoc Tukey’s test 

for pairwise comparisons. 
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2.3 Results 

 SfM vs. in situ surveys 

Bite counts significantly differed between methods (Wilcoxon signed-rank test, z = -3.09, 

p = 0.002), even when outliers were excluded (z = -2.21, p = 0.03). We identified five outliers, 

three at Hanauma and two at Kewalo (Figure 2.2). The mean difference between methods (SfM 

counts minus in situ counts) was 17.34 bite marks m-2, with SfM annotations recording 77.8% 

more bite marks than in situ surveys, which was more pronounced above 50 bites/m -2 (Figure 

2.2). 

 

SfM strengths 

We found that the number of bite marks varied across depth depending on the method 

used (method × depth, LRT,  p < 0.0001; Table S2.2). We detected higher corallivory rates 

through SfM surveys than in situ surveys, with greater differences between methods at deeper 

sites (Figure 2.3). Bite counts from SfM surveys increased with depth  (slope = 0.04), 

particularly deeper than 8m, while counts from in situ surveys decreased with depth (slope = -

0.05).    

Bite mark counts varied with hard coral cover depending on method and bite mark 

category (method × hard coral cover × bite mark category, LRT, p < 0.0001; Table S2.2). 

Because the three-way interaction was significant, we built GLMMs for each bite mark category 

which further confirmed that for all predation types, bite mark counts varied with hard coral 

cover depending on the method used (method × hard coral cover, LRT, p < 0.01, Table S2.2). For 

all bite mark categories, the difference in bite counts between methods was greater at higher 
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percent hard coral cover, with higher bite mark detection through SfM annotations. This 

interactive effect was particularly evident for blenny and parrotfish bites when coral cover was 

above 40% (Figure 2.4).  

Considering the potential confusion between scraper and excavator bite marks, we also 

tested the three-way interaction with scraper and excavator bite marks combined. The three-way 

interaction as well as the subsequent method × coral cover GLMM for the combined category 

remained significant (Table S2.2 and S2.3).  

 

SfM annotation nuances 

Analysis of bite marks across coral species revealed the exclusive detection through SfM 

annotations (i.e., bite marks were not seen on these coral species in situ) of parrotfish bite marks 

on Pavona duerdeni and Pocillopora meandrina, excavator bite marks on Pocillopora grandis, 

and scraper bite marks on Pavona duerdeni. 

Only for blenny bites marks, the difference between methods varied with coral cover 

depending on the coral species (hard coral cover × coral species, LRT, p < 0.05; Figure 2.5 and 

Table 2.2). However, pairwise comparisons of slopes between coral species did not yield 

significant results. Between-method differences remained close to zero irrespective of coral 

cover for Porites compressa and Montipora patula. However, for massive Porites, as hard coral 

cover increased, more bite marks were counted with SfM than in situ surveys. 

For all other bite mark categories, the relationship between hard coral cover and 

differences between methods did not vary by coral species (hard coral cover × coral species, 

LRT, p > 0.05; Figure 2.5 and Table S2.2). For parrotfish, between-method differences varied 
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with coral cover (hard coral cover, LRT, p < 0.01, Table S2.2). As hard coral cover increased, 

more bite marks were counted with SfM than in situ surveys for all coral species. For excavators 

and scrapers, the difference between methods varied across coral species (coral species, LRT, p < 

0.05, Table S2.2). Excavator bite marks on massive Porites were more frequently observed in 

SfM surveys, in contrast to Pocillopora meandrina which had higher predation detection through 

in situ surveys (Figure 2.6). Similarly, scraper bite marks on massive Porites were more 

frequently detected through SfM surveys, while scraper bite marks on Pocillopora meandrina 

and Porites compressa were more frequently seen during in situ surveys (Figure 2.6).   

The difference between methods for combined scraper and excavator bite marks did not 

vary with hard coral cover nor was there a significant interaction of hard coral cover × coral 

species (Table 2.2). However, similar to the individual bite mark categories, coral species had a 

significant effect on between-method differences for this combined category (Table S2.2). The 

trends in differences between methods across coral species were the same as when these bite 

marks were considered individually. 

 

2.4 Discussion 

Our SfM surveys captured high resolution imagery which allowed us to quantify 

predation rates and to differentiate between corallivory types. SfM estimates of corallivory 

differed from in situ counts, with more bite marks detected through SfM annotations. The mean 

difference, averaged across all transects, of 17.34 bite marks m-2 (or 55.82 bites m-2 of live coral 

tissue) was modest, especially given the broad range of bite marks we observed (0 to 419.58 bite 

marks m-2 of live coral tissue in situ and 15.36 to 567.93 bite marks m-2 of live coral tissue with 
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SfM annotations). These estimates roughly align with another in situ study conducted on Oʻahu, 

where bite marks on Pocillopora meandrina by the Barred Filefish (Cantherhines dumerilii) 

reached 117 bite marks  m-2 of live coral tissue and on Porites compressa by the Spotted 

Pufferfish (Arothron meleagris) was noted at 69 bite marks m-2 of live coral tissue (Jayewardene 

et al. 2009). Despite variations between methods, trends in corallivory rates across sites were 

generally consistent between methods, indicating that SfM served as an accurate tool to quantify 

corallivory. 

We detected higher corallivory rates through SfM surveys than in situ surveys, with 

greater differences between methods at deeper sites and those with high coral cover. This bias is 

likely the result of time and air limitations for SCUBA divers during in situ surveys. For 

example, a transect at 17.4 m deep in Hanauma Bay had abundant Porites compressa beds 

characterized by long, slender branches. While the surveyor had air and time constraints 

underwater, spending approximately 60 minutes conducting the survey and capturing SfM 

imagery, annotators dedicated approximately 50 hours to reviewing the underlying imagery, 

resulting in higher bite counts in SfM surveys (30.73 bite marks m-2  difference). Differences 

between methods were also more apparent for blenny and parrotfish bite marks which can be 

small and densely concentrated, usually with considerable overlap, which demands more survey 

time (Bruckner et al. 2000, Carlson 2012). The shared characteristics of these bite marks (i.e., 

small and densely concentrated), coupled with time constraints at deep sites and the additional 

time required to survey areas with extensive coral cover, resulted in more pronounced differences 

between methods for these two bite mark categories. For example, at the Kewalo site, 

overlapping blenny bite marks on Montipora patula and Montipora capitata formed long, white 
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tracks on coral colonies. Underwater, surveyors estimated bite mark numbers based on size and 

shape, while annotators took their time to discern individual bite marks. These differences 

between methods when counting small features align with findings from (Charendoff et al. 

2023), which indicated that SfM annotations led to increased counts of small, cryptic juvenile 

coral colonies compared to in situ surveys. Overall, SfM enabled us to surpass the air and time 

limitations inherent with in situ surveys, thereby granting us additional time to locate and 

distinguish individual bite marks. 

 Between method differences in blenny, scraper, and excavator bite mark counts varied 

with coral species, likely resulting from challenges in identifying bite marks on specific coral 

species through SfM annotations. For instance, Pocillopora meandrina often exhibited pale 

branch tips which could be mistaken for healing excavator or scraper bite marks. With SfM, 

identifying missing parts of the skeleton was challenging, as photographs tended to pixelate upon 

zooming in. Consequently, these pale branch tips were excluded from the tally of bite marks 

when the missing skeletal parts were not discernible. Conversely, during in situ surveys, divers 

could inspect coral branches very closely to identify whether parts of the skeleton were absent, 

potentially contributing to higher and more accurate counts. Scraper and excavator bite marks on 

Porites compressa can resemble broken branches and were not included in bite mark counts 

when broken colony branches were in the vicinity. Due to time constraints underwater, our 

ability to search for broken branches in situ was limited, sometimes leading to an overestimation 

of scraper bite marks during in situ assessments. Both methods for corallivory monitoring 

examined here involve inherent trade-offs, highlighted by the nuances related to specific coral 

species and types of predation.  
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Considerations for the utility of SfM for monitoring corallivory 

Similar to other coral reef monitoring surveys, there is no definitive gold standard for 

monitoring corallivory (Couch et al. 2021). For researchers, the choice of methodology will 

depend on the specific questions asked, the available resources, and the urgency with which 

corallivory needs to be monitored. For example, due to time and air limitations during in situ 

surveys, SfM would be a better option for researchers wishing to obtain more precise estimates 

of corallivory. Repeated SfM surveys could also allow for tracking of corallivory scars through 

time to assess the effects of corallivory on colony health. Furthermore, given our ability to 

extract multiple reef metrics from one model, we could better investigate drivers of corallivory. 

Even though we only surveyed discrete quadrats in this study, SfM would also allow researchers 

to quantify corallivory across continuous stretches of reef.  

Availability of resources will also be an important consideration. While SfM entails high 

initial costs, including expensive camera equipment, computers and software, in situ surveys 

have lower upfront expenses. However, because divers are limited to conducting one to a handful 

of surveys per dive, surveyors would need to revisit the same transect multiple times to collect 

data on various reef metrics, and this extra underwater time results in long-term expenses 

associated with the need for SCUBA gear, personnel costs, and extra boat time.  

Moreover, the urgency with which data are needed is a crucial factor to consider. In 

situations where rapid estimates of corallivory are needed, in situ surveys might prove more 

suitable, given that the post-processing time for SfM models can span weeks to months. In this 

study, most in situ surveys took between 45 and 90 minutes, and divers walked out of the water 

with data in hand. Alternatively, a single model can take anywhere from four to 12 hours to 
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build, depending on the quantity and quality of images, in addition to the time required to add 

features in ArcGIS Pro and to annotate each model, which in this study spanned between one and 

50 hours. Ultimately, this study showed SfM serves as a valuable tool to quantify corallivory, but 

the decision of methodology will depend on various factors. 

 

Utility and future directions  

Our study details the use of SfM photogrammetry for quantifying corallivory rates on 

coral reefs. There is no gold standard for monitoring corallivory and the availability of diverse 

monitoring tools for corallivory is crucial in coral reef management. The SfM method holds 

promise as it can address a wide array of questions beyond the scope of this study. At smaller 

spatial scales, this method could enable the monitoring of individual colonies, proving especially 

beneficial for outplanted coral colonies which are highly vulnerable to corallivory (Knoester et 

al. 2023). Applied across a time series, SfM could be used to study the effects of corallivory on 

colony survival and growth. Lastly, given the capacity to extract numerous coral reef metrics 

from a single model (Burns et al. 2015, Bryson et al. 2017, Ferrari et al. 2017, House et al. 2018, 

Lange and Perry 2020, Couch et al. 2021, Kornder et al. 2021), SfM stands as a valuable tool for 

investigating the factors influencing corallivory such as rugosity, coral cover, and coral diversity. 

While this study was a first step towards using SfM as a corallivory monitoring tool, 

these methods are not without improvement. For example, divers could take detailed site notes 

pre- and/or post-image collection, noting the presence of corallivorous species and giving 

annotators an idea of which bite mark categories they should expect to encounter. Because SfM 

imagery capture requires only one diver, a second diver could document and photograph regions 
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exhibiting excess corallivory. Lastly, implementing trained image classifiers such as CoralNet 

could automate and expedite the annotation process. As threats to coral reefs continue to 

intensify, efficient monitoring tools capable of extracting diverse coral health metrics will 

become increasingly vital for timely management interventions. This study showed that SfM can 

be used as one of these tools which captures accurate counts of corallivory. 
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2.6 Tables 

Table 2.1 Table displaying fish bite mark categories, the associated fish species causing each bite 
mark, descriptions of the categories, and accompanying close-up photographs. Note that 
parrotfishes are known to be scrapers and/or excavators. However, bite marks were categorized 
as parrotfish bite marks when they had the characteristic shape described below, but scrapers and 
excavators could include parrotfishes when there is no distinct shape. 
Bite Mark 
Category 

Blenny Parrotfish Scraper Excavator 

Corallivore 
Species 

Exallias brevis Family Labridae,  
Subfamily 
Scarinae 

- Cantherhines dumerilii  
- Arothron meleagris 
- Subfamily Scarinae 

Description small circles with 
only tissue 
removal  

paired, oval bite 
marks with 
superficial skeleton 
removal (gap 
between ovals not 
always evident) 

shallow sections of 
skeleton removed 
(shallower than 3 
mm) 

large portions of 
skeleton removed 
(deeper than 3 
mm) 

Photograph 
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Table 2.2 Comparison of SfM and in situ strengths and weaknesses 
  SfM In situ surveys 

Metrics collected 
per survey 

Coral cover, rugosity, bleaching, 
coral disease, corallivory rate, etc. Corallivory rate 

Time limitations None Limited by depth and air 
Area surveyed 
per unit time Many transects over many reefs Less transects over fewer reefs 

Costs High up-front costs High long-term costs 

Corallivory 
specific nuances 

More likely to miss cryptic marks 
 
Harder to differentiate categories 
 
Harder to distinguish between 
pale branch tips & healed marks 

Less likely to miss cryptic marks 
 
Easier to differentiate categories 
 
Easier to distinguish between 
pale branch tips & healed marks 

Reviewing 
annotations 

Can go back in time & can confer 
with other annotators 

Cannot go back in time & difficult 
to confer with other surveyors 

Time to data in 
hand Weeks to months Out of water with data in hand 
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2.7 Figures 

 
Figure 2.1 Location of 10 survey sites (yellow dots) around the island of Oʻahu, Hawaiʻi. 
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Figure 2.2 Boxplot illustrating transect-level corallivory density by method (Teal = in situ, Pink 
= SfM). Black lines connect the transect-level data between methods, while triangles denote 
outliers. 
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Figure 2.3 Marginal effects plot depicting corallivory density against depth and predicted values 
(lines) and 95% confidence intervals (shaded areas) from the GLMM by method (Teal = in situ, 
Pink = SfM).  
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Figure 2.4 Marginal effects plot depicting corallivory density against hard coral cover for (A) 
blenny, (B) parrotfish, (C) excavator, and (D) scraper bite mark categories. Plots present 
predicted values (lines) and 95% confidence intervals (shaded areas) from GLMMs by method 
(Teal = in situ, Pink = SfM). 
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Figure 2.5 Marginal effects plot showcasing between-method differences in number of bite 
marks by percent hard coral cover for (A) blenny, (B) parrotfish, (C) excavator, and (D) scraper 
bite mark categories. Plots display predicted values (lines) and 95% confidence intervals (shaded 
areas) from LMMs categorized by coral species (Pink = Montipora capitata, Purple = Montipora 
patula, Blue = Pocillopora meandrina, Green = Porites compressa, Yellow = massive Porites). 
Coral species with fewer than four observations in each bite mark category were excluded. 
Positive values indicate more SfM bite mark counts while negative values indicate more in situ 
bite mark counts. 
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Figure 2.6 Bar graphs illustrating between-method differences in number of (A) excavator and 
(B) scraper bite mark categories by coral species (x̅ ± SE). Positive values indicate more SfM 
bite mark counts while negative values indicate more in situ bite mark counts. The numbers 
below the bars denote the sample size for each coral species. Different letters (a, b) atop the bars 
indicate a significant difference between groups (post-hoc Tukey’s test for pairwise comparisons, 
P < 0.05).  



53 
 

Chapter 3 – Exploring corallivory patterns around Oʻahu, Hawaiʻi to guide 
coral reef management 

 

Daniela Escontrela Dieguez, Roseanna M. Lee, 
Courtney S. Couch, and Tye L. Kindinger 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formatted for Journal of Applied Ecology 

in NOAA review 



54 
 

Abstract 

Coral reefs are in decline worldwide, requiring both passive and active management 

interventions to prevent collapse. The success of these interventions requires an understanding of 

the stressors that affect reef ecology, including trophic interactions such as corallivory. 

Corallivory, or predation on corals, is a naturally occurring process which, at high levels, can 

impair coral growth, reproduction, and survival. Regional variance in patterns of corallivory and 

inconsistent results among studies means place-based knowledge is vital to inform local reef 

management. We conducted photogrammetry surveys at ten sites around Oʻahu, Hawai’i, to 

quantify corallivory by reef fishes. We assessed coral species susceptibility to predation, the 

healing potential of bite marks, and because coral is both a food source and place of refuge for 

corallivores, we also tested the relationship between coral cover and predation. Of the 16 coral 

species we encountered, only six were widely consumed, and susceptibility varied by predator 

type. There was a positive correlation between hard coral cover and predation, but the strength of 

this relationship varied depending on predator type. We also found more positive relationships 

between coral cover and predation for the preferred coral species of each corallivore, further 

suggesting that the availability of specific coral species may affect corallivore abundance. 

Finally, the type of predator was more important than coral species in determining healing status, 

with excavators and scrapers (especially pufferfish and filefish) exhibiting the lowest proportion 

of healed marks. Regardless, we found a high proportion of healing bite marks across most coral 

species and types of predation. Given our results, we suggest managers carefully consider 

corallivore abundance when selecting sites for restoration. Furthermore, managers should 

consider conducting corallivore surveys prior to and after restoration activities to better track and 
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manage for potential changes in the abundance and composition of corallivorous species. 

Managers might also try to grow coral species vulnerable to predation to larger size classes 

before outplanting to overcome early life stage bottlenecks and employ a restoration design that 

prioritizes enhancing coral diversity to distribute corallivory across multiple taxa.  

 

Keywords: Corallivory, coral predation, coral reef, photogrammetry, structure-from-motion, 

Hawaiʻi, coral restoration, trophic interactions 

 

3.1 Introduction 

Corals play a crucial role as ecosystem engineers (Jones et al. 1994), providing habitat 

that harbors a multitude of species and collectively form one of the most biodiverse ecosystems 

on earth (Knowlton et al. 2010). Despite their ecological importance, coral reefs around the 

world are in decline due to many local and global threats (Riegl et al. 2009, Birkeland 2019). 

Ensuring the long-term survival of coral reefs will necessitate both passive (e.g., habitat 

protection) and active (e.g., restoration) management interventions (Possingham et al. 2015). The 

success of these interventions hinges on understanding coral reef ecology, particularly trophic 

interactions such as corallivory (predation on corals). 

Corallivores are a natural and essential part of coral reef ecosystems helping moderate 

coral-coral (Wellington 1982, Cox 1986) and coral-algae competition (Miller and Hay 1998), 

remove excessive sediment from corals (Stewart et al. 2013), and deter more voracious coral 

predators (Glynn 1976). But corallivores can also have negative consequences on corals and 

coral reefs as predation can impair coral fitness and further contribute to coral decline (De’ath et 
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al. 2012). Even though bite marks often heal, predation can result in reduced growth and 

diminished reproductive output as corals allocate limited metabolic resources to wound healing 

(Henry and Hart 2005, Shaver et al. 2017). In more severe cases, corallivory can lead to shifts in 

community composition towards coral species that are resistant to predation (McClanahan et al. 

2005), substantial energetic costs related to colony defense (Gochfeld 2004), and/or extensive 

removal of coral material (Hoey and Bellwood 2008, Palacios et al. 2014). Given the many 

effects of corallivores on reef ecosystems, management efforts aimed at enhancing coral reef 

persistence and resilience need to account for the role of coral predation. 

Understanding coral species vulnerability to predation, the healing capacity of bite marks, 

and how live coral cover either concentrates or dilutes predation will be crucial to inform coral 

reef management. Numerous studies have documented the prey choice of corallivores, revealing 

that, globally, predators consume only a small subset of coral genera (Rotjan and Lewis 2008). 

The healing potential of bite scars has also been documented and varies depending on the coral 

species and type of predation (Cameron and Edmunds 2014). Differences in predation 

susceptibility and healing potential are partly attributed to coral characteristics such as 

morphology (Tricas 1989, Hall 1997) and tissue depth (Glynn and Krupp 1986, Henry and Hart 

2005), which show geographical variance (Barnes and Lough 1992, Miller 1994) and likely 

contribute to observed regional differences in corallivory patterns (Cox 1986, Pratchett 2005). 

The relationship between hard coral cover and the local distribution and abundance of 

corallivores has also been documented, though results have been inconsistent (Bouchon-Navaro 

and Bouchon 1989, Jayewardene et al. 2009, Roff et al. 2011, Burkepile 2012). Furthermore, 

these relationships are often not disaggregated by availability of all coral species (Jayewardene et 
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al. 2009), which is important given that corallivores use corals for both refuge (Cole et al. 2008) 

and as a source of food (Rotjan and Lewis 2008). Parsing-out these relationships based on coral 

species could provide insight into whether prey availability or refuge space plays a more 

important role affecting corallivore populations. For example, if predation increases with the 

abundance of some coral species but not others, this might be an indicator that availability of 

prey is more important than availability of refuge space in regulating corallivore abundance. 

However, this relationship assumes that the relationship between a species of coral as food 

versus shelter is known. Regional variance in patterns of corallivory, combined with inconsistent 

results among studies at different localities, underscores the need for place-based knowledge to 

inform local reef management. 

Gaining a deeper understanding of the local patterns and drivers of corallivory will reveal 

considerations managers may want to incorporate into regional reef-management decisions. 

Corallivory studies in Hawaiʻi considered only a few coral predators at a time in some cases 

(Carlson 1992, Jayewardene et al. 2009), and relationships between coral cover and predation 

were considered only for a few coral species in other cases (Jayewardene et al. 2009). We 

conducted photogrammetry surveys to quantify corallivory across various predator types and on 

all coral species at multiple sites around the island of Oʻahu. Based on previous studies and field 

observations, we hypothesized that only a select few coral species would be consumed by 

predators. Specifically, Montipora spp., Pocillopora spp., and Porites spp. would be amongst the 

most consumed and susceptibility would vary by type of predator. Because corallivores depend 

on coral for food and shelter, we also hypothesized that predation intensity would increase with 

resource availability (i.e., hard coral cover), and that there would be more positive relationships 
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between predation and species-specific coral cover for the preferred coral species of each 

predator. Lastly, we hypothesized that the healing condition of observed corallivore bite marks 

would vary among coral species and predator types, with more observations of healing bite 

marks on coral species with shallower tissue layers and on wounds of a more superficial nature. 

 

3.2 Materials and Methods 

Sampling design 

We surveyed between two and six 20 m transects (sample size varied due to logistical 

constraints) at ten sites around Oʻahu, for a total of 39 transects (Figure 3.1). To capture a 

comprehensive range of corallivory patterns across various settings, we chose sites to cover a 

range in coral cover, reef rugosity, habitat type, and depth. We haphazardly placed transects at 

each site along each depth contour and ensured that transects were at least 20 m apart. All 

surveys were conducted between June 2021 and October 2022.  

 

Corallivory data collection 

We collected SfM imagery along each transect following the methods described in Suka 

et al. (2019). All imagery was captured using a Canon SL2 camera with an Ikelite housing and an 

18 mm – 55 mm lens fixed at 18 mm. We imported images into Agisoft Metashape where we 

generated 3D dense point clouds (DPC) and 2D top-down orthomosaics, or geometrically 

accurate composite images based on the 3D structure of the DPC, which we exported at 1 

mm/pix resolution (Suka et al. 2019). We imported orthomosaics into ArcGIS Pro where we 

added a geodatabase and delineated a transect line and seven 1 m x 1 m quadrats, spaced 3 m 
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apart. We inspected the underlying imagery for all live coral within each quadrat for signs of 

predation using the software, Viscore, which allows users to visualize 3D models and the 

underlying imagery. We recorded the number of bite scars, coral species on which they were 

found, type of predator, and bite condition (Table 3.1; Escontrela Dieguez et al. 2023). 

Parrotfishes, despite being scrapers and excavators, were allocated a distinct predator type 

because we could readily identify their bite marks on all coral species except Pocillopora spp. 

Parrotfish bites, which were composed of two marks, were identifiable even when they were old 

because they were usually covered with a film of turf algae, which allowed us to detect both 

marks. All corals were identified to the species level except Leptastrea spp. and Porites lobata 

and P. evermanni, which we categorized as “massive Porites” due to challenges of species-level 

identification. Models were annotated by two individuals who calibrated with each other by both 

annotating the same six quadrats, at which point all data extracted were consistent between 

individuals. 

 

Coral cover data collection 

Using the methods described in Escontrela Dieguez et al. (2023), we extracted images of 

each 1 m x 1 m quadrat from high resolution orthomosaics (default resolution <1 mm/pix), 

hereafter orthoblocks. We loaded these orthoblocks into the web-based image annotation tool, 

CoralNet, where we annotated 35 randomly selected points per image to the lowest taxonomic 

level possible. Percent coral cover was calculated from a total of 35 points per image.  
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Data analysis 

All data were analyzed using the statistical software, R (v4.3.1; R Core Team 2023). Bite 

mark densities, proportion of healed bite marks, hard coral cover, and depth were summarized at 

the transect level. We excluded from analysis coral species that did not experience any predation 

and those that were consumed in fewer than four transects (out of a total of 39 transects) because 

their inclusion resulted in wide confidence intervals from which we could not draw conclusions. 

To determine whether specific coral species exhibited differential susceptibility to 

corallivory by predator type, we used a distance-based permutational multivariate analysis of 

variance (PERMANOVA) on a Bray-Curtis similarity matrix encompassing all consumed coral 

species to test for differences in consumption between predators. Data were square root 

transformed and the PERMANOVA assumption of multivariate homogeneity of dispersion 

among predator types was evaluated and confirmed for each model (PERMDISP2 procedure; 

Anderson 2006). We also performed a similarity percentage analysis (SIMPER) to determine the 

contribution of each coral species to similarities. Lastly, we explored data visually using a non-

metric multidimensional scaling (NMDS) scatter plot with Bray-Curtis distance.   

To investigate whether predation increased with resource availability, we conducted two 

analyses with bite density as the response variable. First, to assess how predation varied among 

predator types relative to hard coral cover, we constructed a generalized linear mixed effects 

model (GLMM) using predator type ´ hard coral cover as fixed effects. To then examine how 

predation varied across coral species and across coral abundance, we constructed separate 

GLMMs for each predator type and used coral species ´ the corresponding species-specific coral 
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cover as fixed effects. In both models, we used the Poisson distribution and site and depth 

(binned into 5 m increments) as random effects. 

Lastly, to examine the variation in healing status across coral species and predator types, 

we first excluded all bite marks categorized as “new” and those coral species exclusively 

associated with “new” bite marks (i.e., no old or healing bite marks were detected on those coral 

species), as we were aiming to assess the likelihood of healing. We calculated the proportion of 

healed bite marks out of pooled healed and old bites and subsequently applied a logit 

transformation to this proportion. To determine whether the proportion of healing bite marks 

differed by predator type and coral species, we constructed a GLMM using coral species and 

predator type as the fixed effects. Then, to discern whether the proportion of healed bite marks 

varied by coral species for each predator type, we developed separate GLMMs for each type of 

predator, using coral species as the fixed effect. For these models, we adopted the normal 

distribution, with site and depth (binned into 5 m increments) as random effects. 

For all GLMMs, we used q-q plots of residuals to test for normality of the residuals and 

plots of residuals versus fitted values to test for homoscedasticity. Fixed effects in models were 

evaluated for significance using likelihood ratio tests (LRTs). We also performed sensitivity 

analyses by comparing results between models with versus without influential points defined 

according to Cook’s distance. When we identified significant interaction terms in a model, we 

tested for pairwise differences between slopes using the ‘lstrends’ function in the R package 

‘lsmeans’ (v2.30.0; Lenth 2016). When individual categorical predictors were significant, we 

conducted post-hoc Tukey’s tests for pairwise comparisons.  

 

https://www.zotero.org/google-docs/?7uAhoi
https://www.zotero.org/google-docs/?7uAhoi
https://www.zotero.org/google-docs/?7uAhoi
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3.3 Results 

Coral susceptibility 

Coral species varied in their level of susceptibility to predation, with massive Porites, 

Montipora capitata, Montipora patula, Pocillopora meandrina, and Porites compressa being the 

most vulnerable to predation. Susceptibility of the coral community varied significantly between 

coral predators (PERMANOVA, df = 3, F = 6.22, p = 0.001; Figure 3.2). Pairwise comparisons 

revealed significant differences between predators, except for blennies and parrotfishes which 

exhibited considerable overlap in the coral species they consumed (Figure 3.2, Table S3.1). Both 

Massive Porites and Montipora patula were most susceptible to blennies (massive Porites: 

48.6% of bites, Montipora patula: 73.1% of bites) and to a lesser extent parrotfishes (massive 

Porites: 35.7% of bites, Montipora  patula: 19.7% of bites). Pocillopora meandrina was mostly 

susceptible to scrapers (90.9% of bites), however it is worth noting that parrotfish bite marks 

could not be identified on this coral species, therefore some of this predation may have been 

inflicted by parrotfishes. Montipora capitata showed the highest susceptibility to blennies 

(42.7% of bites) and scrapers (35.6% of bites). Lastly, Porites compressa showed susceptibility 

to predation by scrapers (44.4% of bites) and parrotfishes (32.2 % of bites), and to a lesser extent 

excavators (18.9 % of bites) (Figure 3.2). The SIMPER analysis identified Pocillopora 

meandrina, Montipora patula, and massive Porites as key contributors to the differences 

observed between predators (Table S3.2). While we observed other coral species during surveys 

(i.e., Cyphastrea ocellina, Leptastrea spp., Lobactis scutaria, Pavona duerdeni, Pavona varians, 

Pocillopora damicornis, Pocillopora grandis, and Pocillopora ligulata), they experienced 

minimal (i.e., consumption observed in fewer than four transects) to no fish predation. 
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Bite mark density with coral abundance 

Bite mark density (number of bite marks per m2) was positively correlated with hard 

coral cover, yet the relationship also varied by predator type (type of predator × hard coral cover, 

df = 7, LRT = 171.4, p < 0.0001), even without outliers (df = 7, LRT = 222.77, p < 0.0001; 

Figure 3.3). There were significant differences in pairwise comparisons of slopes between all 

predators except parrotfish and blennies. However, similarities between these two predators 

seemed to be driven by outlier sites with high levels of parrotfish and low levels of blenny 

predation (see Table S3.3). After removing these outliers, parrotfish and blenny slopes were no 

longer similar and instead, parrotfish and excavator slopes became similar, likely due to the 

exclusion of a site with high parrotfish predation (see Table S3.3). As hard coral cover increased, 

the density of bite marks increased rapidly for blennies (slope without outliers  = 7.01) and 

parrotfishes (slope without outliers  = 5.71), particularly above 40% coral cover (Figure 3.3). 

Alternatively, scraper (slope without outliers  = 1.14) and excavator (slope without outliers  = 

4.19) bite density remained stable as coral cover increased.  

For all predator types, there was a positive relationship between predation density and 

coral cover in ways that varied depending on the coral species (Table 3.2, Figure 3.4, Table 

S3.4). Pairwise comparisons between slopes of predators were consistent when analyzing data 

with and without outliers except for one discrepancy with blennies (Table S3.4). Dissimilarities 

in the blenny slopes for Montipora capitata and Montipora patula with outliers were likely 

driven by a site with low blenny predation on Montipora capitata.  

Species within the same genus did not always show the same relationship between 

predation and coral cover. For example, the density of blenny and parrotfish bite marks on 
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massive Porites increased more rapidly with coral cover than for Porites compressa  (Figures 

3.4a, b), while the opposite was true for scrapers and excavators (Figures 3.4c, d). In some 

instances, species within the same genus did show similar relationships, for example with scraper 

bite marks on Montipora patula and Montipora capitata (Figure 3.4d). Of note is the exponential 

relationship between predation and coral cover for scraper bite marks on Pocillopora meandrina, 

even at very low coral cover (Figure 3.4a), although it is important to note that some of these bite 

marks might have been inflicted by parrotfishes. Blenny predation was not detected on 

Pocillopora meandrina (Figure 3.4a). 

 

Healing status 

Overall, we observed a high proportion of healing bite marks (>75%) across most coral 

species. The type of predator (LRT, df = 3, LRT = 69.96, p < 0.0001) was a more important 

factor in determining healing status than coral species (LRT, df = 4, LRT = 17.19, p = 0.002). 

Massive Porites had a significantly lower proportion of healing bite marks than Pocillopora 

meandrina (Figure 3.5, Table S3.5). Conversely, healing status varied significantly among all 

coral predators except for blennies and parrotfishes (Figure 3.5, Table S3.6). Blennies and 

parrotfishes exhibited the highest proportion of healing bite marks, followed by scrapers and 

excavators. Analysis without outliers yielded the same results.  

Within each type of predator, the proportion of healing bite marks was similar across all 

coral species (Figure 3.6). When outliers were included, coral species was not a significant 

predictor of healing status for any type of predator. However, when we removed outliers, coral 

species became a significant predictor for scraper and excavator bite marks (Table 3.3). For 
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scrapers, differences in results were likely due to the removal of outlier sites which had very low 

healing rates for Montipora capitata and M.  patula. The two identified outliers for excavators 

were on Montipora capitata, which originally had a sample size of three, and exclusion of these 

outliers led to discrepancies in results. Nevertheless, post-hoc tests for pairwise comparisons 

between coral species for scrapes and excavators, excluding outliers, revealed no significant 

differences between pairs (Figure 3.6; Table S3.7). Overall, the proportion of healing blenny and 

parrotfish bite marks was high (>80%) with little variability between species. The proportion of 

healing excavator and scraper bite marks was lower (50%-80%) and there was more variability 

between coral species. Figure S3.1 illustrates a breakdown of the proportion of healing, new, and 

old bite marks by coral species and type of predator. 

 

3.4 Discussion  

Corallivory, a natural phenomenon on coral reefs, poses a challenge to the success of coral 

reef management strategies. While corallivores can be beneficial to reefs, for example 

moderating coral-coral (Wellington 1982) and algal-coral competition (Miller and Hay 1998), 

they can also affect coral fitness (Henry and Hart 2005), can remove high amounts of coral 

material (Hoey and Bellwood 2008), and can cause substantial coral mortality (De’ath et al. 

2012). Understanding the identity of coral predators and the manner in which they consume coral 

is therefore crucial to inform local management decisions. 

Corallivory is widespread across Oʻahu reefs (Jayewardene et al. 2009, Carlson 2012), but 

our results suggest that it is largely restricted to a small subset of coral species. The three genera 

identified here, Pocillopora spp., Porites spp., and Montipora spp., have globally been identified 
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as some of the most commonly consumed by corallivorous fishes (Rotjan and Lewis 2008). 

Susceptibility to predation also varied by predator and the results of this study coincide with 

previous findings. For example, blennies preferentially consumed massive Porites (Carlson 

2012) and the Barred Filefish and Spotted Pufferfish, both scrapers and excavators, mostly 

consumed Pocillopora meandrina and Porites compressa (DiSalvo et al. 2007, Jayewardene et 

al. 2009, Palacios et al. 2014). While the coral feeding habits of parrotfishes have received little 

attention in Hawaiʻi, parrotfish in other regions have also been known to selective feed on 

Porites spp. (Burkepile 2012). It is important to note that while parrotfishes can be corallivorous, 

they seldom bite live corals compared to turf and crustose algae (Ong and Holland 2010), 

continuing to fulfill crucial roles as herbivores and bioeroders on Hawaiian reefs (Hixon and 

Brostoff 1996, Ong and Holland 2010). Corallivores exhibit strong and consistent patterns of 

feeding selectivity which have been tied back to factors such as caloric content (Tricas 1989), 

nematocyst size and quantity (Gochfeld 2004), macroborer and symbiont presence (Rotjan and 

Lewis 2005), coral morphology (Tricas 1989), and tissue depth (Glynn and Krupp 1986). 

However, when these attributes have been matched to hierarchies of coral prey choice, the results 

have been equivocal, and it is likely that a combination of factors, rather than a single one, 

determine feeding preferences (Cole et al. 2008). Dietary composition can also vary among 

geographic locations and habitats in response to prey availability (Berumen et al. 2005, 

Burkepile 2012). For instance, blennies primarily consumed Porites spp., which was abundant 

relative to other coral genera at most sites, but at Kewalo, where Montipora spp. was the 

dominant coral genus, blennies consumed more of this genus. Because corallivores have the 

potential to moderate coral-coral competitive interactions, for example by preferentially 
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consuming faster growing coral species (Cox 1986), understanding which species corallivores 

preferentially consume could help inform management decisions.  

Corallivory generally increased with hard coral cover, although the intensity of predation 

and form of this relationship varied depending on the type of predator and coral species. The 

relationship between hard coral cover and predation intensity/corallivore abundance has been 

investigated previously, but findings have been equivocal, with many studies focusing on 

butterflyfishes (e.g., positive relationship [Bell and Galzin 1984, Bell et al. 1985, Zekeria and 

Videler 2000], no relationship [Guzman and Robertson 1989, Khalaf and Crosby 2005], negative 

relationship [Pratchett et al. 2008, Jayewardene et al. 2009]). Coral serves a dual role for 

corallivores, acting as both a food source (Rotjan and Lewis 2008) and a place of refuge (Cole et 

al. 2008), suggesting that coral availability may affect corallivore populations as a dual resource. 

The positive relationship observed in this study between hard coral cover and predation intensity 

supports this interpretation. Furthermore, the role of coral as a food source, rather than shelter, 

may be more important for corallivores, as more positive relationships were detected for the 

preferred coral species of each coral predator. However, because we documented bite marks 

rather than corallivore populations themselves, we cannot definitively say that higher predation 

rates were associated with larger corallivore assemblages. This relationship between bite scar 

density and corallivore abundance has been studied for other corallivores, but results have been 

equivocal (Rotjan and Lewis 2006, Roff et al. 2011). An alternate explanation is that higher coral 

availability may result in higher feeding rates per individual (Roff et al. 2011).  

Differences in predation intensity among predator types can likely be attributed to different 

life histories. The Shortbodied Blenny establishes small territories (from 2.7 m2 to 12 m2 
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depending on sex and reproductive state; Carlson 1992) and is an obligate corallivore (Carlson 

2012). Parrotfish also form territories, albeit larger (from 382m2 to 2279m2 depending on sex, 

phase, and species; Bellwood 1985, Howard et al. 2013) and often form schools that collectively 

descend upon the benthos and feed (pers. obs., Randall 2010). Combined, these life histories 

result in localized areas of concentrated predation. Alternately, Barred Filefish are either solitary 

or found in pairs and Spotted Pufferfish are solitary (pers. obs., Randall 2010), and neither form 

territories (Randall 2010), leading to lower levels of predation per reef area. Understanding how 

availability of coral either dilutes or concentrates predation is crucial for effective coral reef 

management, particularly in restoration sites where the objective is to enhance coral cover. 

Finally, our research revealed that predator type played a larger role than coral species in 

determining the healing status of bite marks. Parrotfish bite marks were usually small with 

superficial skeleton removal and circular blenny bites involved only tissue removal. In contrast, 

scraper and excavator bites often led to more extensive skeleton removal. Prior studies have 

shown that deep wounds accompanied by skeletal damage require longer to heal and are more 

likely to heal incompletely compared to smaller lesions with only tissue removal (Carlson 1992, 

Jayewardene and Birkeland 2006, Cameron and Edmunds 2014). The prolonged healing time 

needed for excavator and scraper bite marks renders them more vulnerable to colonization by 

algae before they have had a chance to fully recover. Additionally, the larger areas created by 

scraper and excavator bites offer more opportunities for opportunistic algae to colonize (Rice et 

al. 2019). Although algal colonization itself does not impede full recovery, unless regeneration 

occurs rapidly, the probability of successful re-growth is diminished (Bak and Steward-Van Es 

1980). The high healing capacity of parrotfish bite marks further highlights that the positive 
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consequences of herbivory likely outweigh their negative role as corallivores. Massive Porites 

had the lowest proportion of healed bite marks compared to other coral species.  Skeletal 

structure provides one plausible explanation for differences in healing status between species. 

For example, Porites spp. have perforate skeletons with deep tissue layers. While perforate 

skeletons allow for translocation of metabolic resources across the colony to wounds (Edmunds 

2008), the deeper nature of the tissue layers might require more metabolic resources and time to 

regenerate (Cameron and Edmunds 2014), rendering wounds more susceptible to algae 

colonization. Overall, healing rates were high (between 50% and 75% depending on the 

predation type and coral species) and were comparable to other studies which tracked bite marks 

over time (Jayewardene et al. 2009, Palacios et al. 2014, Counsell et al. 2019, Charendoff et al. 

2023). The high proportion of healing bite marks observed in this study, even with more severe 

wounds, is a positive sign for Oʻahu reefs and has broader implications for understanding 

recovery from other small-scale disturbances. 

Corallivory, a natural phenomenon on coral reefs, may pose a challenge to the success of 

coral reef management strategies. For example, recently outplanted corals, especially small 

colonies, are particularly vulnerable to predation (Edwards and Gomez 2007, Jayewardene et al. 

2009). Given our results, managers should consider corallivore abundance when selecting 

restoration sites to maximize the benefits of coral restoration efforts. Because restoration efforts 

are likely to increase coral cover, which could lead to an increase in corallivores (Cabaitan et al. 

2008), it is advisable that managers conduct corallivory assessments both before and after 

restoration activities to better track and manage potential increases in corallivorous species. 

Furthermore, restoration practitioners should consider growing coral species susceptible to 
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predation to larger size classes before outplanting to overcome the early life stage bottleneck 

observed in previous studies (Penin et al. 2010, Rivas et al. 2021). Lastly, recognizing the 

significance of the top three genera as reef builders in Hawaiʻi, rather than avoiding outplanting 

these corals, managers should instead consider employing a restoration design that prioritizes 

enhancing coral diversity to distribute corallivory across multiple taxa. By gaining a deeper 

understanding of these trophic interactions, we can implement preventative and mitigative 

measures to enhance the effectiveness of management interventions. This, in turn, will lead to 

improved conservation outcomes and reduced costs associated with conservation activities. 
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3.6 Tables 

Table 3.1 Descriptions of fish corallivore types and bite characteristics. 
Type of Predator 

Type of 
Predator 

Blenny Parrotfish Scraper Excavator 

Corallivore 
Species 

Exallias brevis 
(Shortbodied Blenny) 

Family Labridae,  
Subfamily Scarinae 

- Cantherhines dumerilii (Barred Filefish) 
- Arothron meleagris (Spotted Pufferfish) 
- Family Labridae, Subfamily Scarinae 

Description small circles with 
only tissue removal  

paired, oval bite 
marks with superficial 
skeleton removal 
(gap between ovals 
not always evident) 

shallow sections of 
skeleton removed 
(shallower than 3 
mm) 

large portions of 
skeleton removed 
(deeper than 3 mm) 

Photograph 

    

Bite Mark Characteristics 

Condition New Healing Old 

Description the skeleton is exposed and 
bright white, no polyps or 
algae growth is visible, and, 
for bites with skeleton 
removal, the scar edges are 
sharp 

area is pale compared to the 
rest of colony, some polyps 
might be visible, albeit usually 
transparent, and, for bites 
with skeleton removal, parts 
of the skeleton are still 
missing, and the edges of the 
bite marks appear dull 

scar looks similar to a new or 
healed bite mark and the 
identity of the scar is still 
recognizable, but the area is 
covered with turf algae, or in 
some cases little “tufts” of 
cyanobacteria  

Photograph  

   
  



80 
 

Table 3.2 Likelihood ratio test results for generalized linear mixed effects models for each type 
of predator. Significant fixed effects are bolded (p < 0.05). Excavators did not have outliers. 

Response 
variable Fixed effects Type of 

Predator 
With outliers Without outliers 
LRT p LRT p 

Bite mark 
density 

Species-specific 
coral cover × 
coral species 

Blenny 273.43 <0.0001 277.12 <0.0001 
Parrotfish 63.85 <0.0001 64.88 <0.0001 
Scraper 73.32 <0.0001 55.31 <0.0001 
Excavator 20.81 0.0003 NA NA 
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Table 3.3 Likelihood ratio test results for generalized linear mixed effects models for each type 
of predator. Significant fixed effects are bolded (p < 0.05). The parrotfish and blenny bite mark 
categories did not have outliers. 

Response 
variable Fixed effect Type of 

predator 
With outliers Without outliers 

LRT p LRT p 

Proportion of 
healed bite 

marks 
Coral 

species 

Blenny 2.77 0.43 NA NA 
Parrotfish 6.27 0.18 NA NA 
Scraper 9.09 0.06 11.51 0.02 
Excavator 9.15 0.06 9.41 0.05 
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3.7 Figures 

 
Figure 3.1 Location of 10 survey sites (yellow dots) around the island of Oʻahu, Hawaiʻi. 
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Figure 3.2 Nonmetric multidimensional scaling plot of coral consumption clustered by the type 
of coral predator (stress = 0.12). 
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Figure 3.3 Marginal effects plot depicting number of bite marks (per m2) against hard coral 
cover. Plots present predicted values (lines) and 95% confidence intervals (shaded areas) from 
GLMMs without outliers by type of predator (Pink = blenny, Purple = parrotfish, Green = 
scraper, Blue = excavator). Triangles outlined in black denote outliers. 
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Figure 3.4 Marginal effects plot depicting number of bite marks (per m2) against species-specific 
hard coral cover for (a) blenny, (b) parrotfish, (c) excavator, and (d) scraper bite mark categories. 
Plots display predicted values (lines) and 95% confidence intervals (shaded areas) from GLMMs 
without outliers by coral species (Pink = Montipora capitata, Purple = Montipora patula, Green 
= Porites compressa, Yellow = massive Porites, Blue = Pocillopora meandrina). Coral species 
with fewer than four observations for each predator type were excluded. Triangles outlined in 
black denote outliers.  
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Figure 3.5 Bar graphs illustrating proportion of healed bite marks, including outliers, by (a) coral 
species and (b) type of predator (x̅ ± SE). Different letters (a, b, c) atop the bars indicate a 
significant difference between groups (post-hoc Tukey’s test for pairwise comparisons, p < 0.05). 
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Figure 3.6 Bar graphs illustrating proportion of healed bite marks, including outliers, by coral 
species for (a) blennies, (b) parrotfishes, (c) excavators, and (d) scrapers (x̅ ± SE). 
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Abstract 

As global threats to coral reefs grow, it is imperative to manage local stressors such as 

outbreaks of coral predators, or corallivores. The corallivorous cushion seastar (Culcita 

novaeguineae) has increased in abundance around Oʻahu, Hawai‘i, since the 1980s. We studied 

the feeding preferences of this species experimentally in situ and determined whether or not coral 

species consumption was random. We deployed cages adjacent to a reef offshore of Waikīkī 

Beach and tested prey choice by running pairwise comparisons of corals of opportunity of 

different species and tracking the order of consumption. Consumption of coral species was 

nonrandom for all but two coral species. We used three methods to construct a feeding hierarchy, 

and across all methods, stars overwhelmingly preferred Pocillopora spp. and avoided Porites 

spp. Although there was variability in the remainder of the hierarchy depending on ranking 

method, Pavona spp. and Montipora spp. were usually the next most preferred after Pocillopora 

spp., followed by either Leptastrea spp. or Lobactis scutaria. It is likely that a combination of 

factors such as tissue depth, morphology, and nutritional value enable cushion seastars to extract 

higher energy per unit time from preferred coral species. These findings indicate which coral 

species may be subject to increased predation during cushion seastar outbreaks and how 

interactions between corallivorous stars and coral prey may shift as coral species are 

differentially affected by other stressors. 

 

Keywords: Culcita, cushion seastar, corallivory, feeding preference, predation, seastar, coral reef 
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4.1 Introduction 

Corallivores are animals that feed on coral by consuming their mucus, polyps and/or 

skeleton (Rotjan and Lewis 2008). Coral predators affect individual coral colonies directly 

through consumption. For example, the crown-of-thorns seastar (Acanthaster planci), a 

voracious coral predator, has been a leading cause of coral mortality on the Great Barrier Reef 

prior to major bleaching events (De’ath et al. 2012). Corallivores also affect coral colonies in 

indirect ways, which may be more subtle. Because corals are limited by metabolic resources, 

when they experience predation, they divert their energy to wound healing, causing reductions in 

growth and reproduction (Henry and Hart 2005). Corallivores also have the potential to transmit 

(Nicolet et al. 2018). At the reefscape scale, corallivores have been known to mediate 

interspecific interactions between corals by, for example, selectively feeding on faster growing 

coral species, thereby creating space for slower growing corals (Cox 1986). 

The cushion seastar (Culcita novaeguineae) is a corallivore native to the Pacific region, 

including Hawai‘i (Clark and Rowe 1971) which has two sister species, Culcita schmideliana 

found in the Indian Ocean and Culcita coriacea found in the Red Sea and Indian Ocean (Ahyong 

et al. 2024). All cushion seastars consume coral by extruding their stomach over the colony and 

secreting digestive enzymes which allow for the absorption of polyps (Birkeland 1989). Even 

though cushion seastars share similar life history traits with the more voracious and extensively 

studied crown-of-thorns seastar, there is comparatively less research on cushion seastars. 

Furthermore, the limited studies on cushion seastars are spread among three sister species found 

in different regions. Previous research has focused on the life history characteristics of C. 

novaeguineae (Birkeland and Lucas 1990), the distribution of C. schmideliana and C. 
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novaeguineae (Thomassin 1976, Grosenbaugh 1981, James 2004), drivers of C. schmideliana 

distribution (Montalbetti et al. 2022), and the thermal range of C. novaeguineae (Yokley 2016). 

Cushion seastar feeding behavior has previously been researched, but these studies had 

some limitations. While Glynn and Krupp (1986) studied the feeding preferences of C. 

novaeguineae in Hawaiʻi, they tested only four coral species, Montipora capitata, Porites 

compressa, Lobactis scutaria, and Pocillopora damicornis, failing to test many of the other coral 

species commonly found around Hawaiʻi. More importantly, they tested only Pocillipora 

damicornis against all the other coral species, rather than testing all pairwise combinations, 

leaving gaps in knowledge about the prey hierarchy when potentially less desireable coral 

species are the only options. Furthermore, food was not withheld prior to experimental trials, 

which limits our understanding of prey choice when food is limited and there are few prey 

choices. Studies conducted in other regions with the same seastar species also tested few coral 

species and/or they tested genera, such as Acropora, which are not found around the Main 

Hawaiian Islands (Hawkins 2006, Bell 2008). Trial times in previous prey choice studies have 

also been short (e.g., approximately one day), leaving little time to observe whether cushion 

seastars would consume less desireable coral species (Glynn and Krupp 1986, Hawkins 2006, 

Bell 2008). Lastly, and most importantly, all previous feeding preference studies were either 

observational (Goreau et al. 1972, Thomassin 1976, Montalbetti et al. 2019a) or conducted in 

laboratory settings, where study species are removed from all their normal sensory cues and 

multiple artifacts are possible (Glynn and Krupp 1986, Hawkins 2006, Bell 2008). 

All told, there are substantial gaps in our understanding of cushion seastar feeding 

preferences. For example, there is very limited information about predation on Pavona spp. and 
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Lepastrea spp. by the cushion seastar. Even though cushion seastars have been observed feeding 

on these genera in the field (Bruckner and Coward 2019, Montalbetti et al. 2019a), preference 

has never been tested under controlled conditions. Furthermore, disparities in feeding 

preferences have been observed among different species and regions. In the single-choice lab 

experiments conducted in Hawaiʻi, C. novaeguineae exhibited a higher consumption rate of P. 

damicornis, followed by P. compressa and M. capitata (Glynn and Krupp 1986). These findings 

diverged from observations of feeding behavior of C. novaeguineae and C. schmideliana in the 

Maldives, where cushion seastars more frequently consumed Montipora spp. over Porites spp. 

(Bruckner and Coward 2019, Montalbetti et al. 2019a). Indeed, biogeographical differences in 

behavior among sister species has been documented for other corallivorous seastars such as 

Acanthaster spp. (Burn et al. 2020). 

In Hawaiʻi, Cushion seastars have recently been found in high densities at some sites 

around the island of Oʻahu. While Glynn and Krupp (1986) previously found less than 21 

individuals per hectare off Waikīkī Beach in the mid 1980s, recent surveys found much higher 

densities  (𝑥̅ ± SE = 30 ± 10 individuals per hectare) (D. Escontrela Dieguez unpubl. data). The 

corallivorous feeding behavior of the cushion seastar coupled with potentially increasing 

densities could have negative effects on Hawaiian coral reefs, which are already stressed  

(National Ocean Service 2018). Although the feeding rate of the cushion seastar is only about 

one-fifth the feeding rate of the crown-of-thorns seastar (Glynn and Krupp 1986), they can still 

undergo outbreaks with detrimental effects on coral reefs. For example, in the Maldives, C. 

schmideliana outbreaks may have delayed coral reef recovery after bleaching (Bruckner and 

Coward 2019).  Persistent populations of cushion seastars have also coincided with patterns of 
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coral loss (Quinn and Kojis 2003, Pratchett et al. 2011). Moreover, field observations and 

previous studies have shown cushion seastars seem to preferentially feed on juvenile colonies, 

which often results in full colony mortality, and could become a potential population bottleneck 

at larger spatial scales (Glynn and Krupp 1986, Montalbetti et al. 2019b). Although cushion 

seastars have not been studied directly in relation to coral restoration, corallivorous fishes are 

known to impede coral restoration efforts (Koval et al. 2020). Cushion seastar outbreaks 

therefore represent a potential local stressor to coral reefs which, if unchecked, could lead to high 

mortality rates among reef building corals, slow recovery after thermal stress events, and/or 

failed coral restoration efforts. Managing local, natural stressors such as excess corallivory could 

potentially help offset global changes or at least buy coral reefs time until carbon emissions are 

stabilized (Kennedy et al. 2013).  

The goal of this study was to understand the hierarchy of coral prey choice by cushion 

seastars and whether or not prey choice was random. By testing more coral species than any 

previous study, many of which have not been experimentally tested, we can gain a 

comprehensive understanding of which coral species may be most vulnerable in the event of a 

cushion seastar outbreak. For example, Pocillopora spp. and Acropora spp. have experienced 

disproportionately severe impacts during crown-of-thorns seastar outbreaks, primarily due to 

their pronounced preference for these genera (Pratchett 2010). This knowledge can be a valuable 

guide for implementing effective management interventions.  

We used experimental pairwise comparisons to study cushion seastar feeding behavior 

and choice. To overcome the limitations encountered in previous feeding studies, we conducted 

our experiments entirely in situ, thereby reducing the potential artifacts associated with lab 
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experiments and ensuring that the seastars were exposed to their usual array of sensory cues. 

Additionally, we tested nine common Hawaiian coral species, a much more extensive range than 

any prior study. Finally, we withheld food prior to trials and subjected stars to longer trial times 

than previously conducted. Based on previous studies, field observations, and known coral 

characteristics, we hypothesized that cushion seastars consume coral species in a nonrandom 

manner. Specifically, we predicted that, based on coral characteristics such as tissue depth, 

colony morphology, nutritional value, and nematocyst size and density, as well as previous 

feeding observations among coral species, cushion seastars will exhibit the following hierarchy 

of prey choice, listed from most preferred to least preferred: Pocillopora spp., Pavona varians, 

Pavona duerdeni, Montipora patula, M. capitata, Leptastrea spp., L. scutaria, and P. compressa 

and mounding Porites tied at the bottom of the hierarchy (Table 4.1). Understanding the feeding 

preferences of the cushion seastar, which are potentially increasing in abundance in Hawai‘i, at 

least at some sites such as Waikīkī Beach, will be important for future restoration and 

management interventions.  

 

4.2 Materials and methods 

Study site and experimental set-up 

We conducted this study nearly 1 km offshore of Waikīkī Beach, on the south shore of 

Oʻahu, Hawaiʻi, between 12 - 15 m depth from October 2020 to November 2022 (Figure 4.1a). 

Experimental and holding cages were constructed of PVC pipe and garden fencing material (5 

cm mesh) and were secured to the seafloor using rebar and zip ties. We deployed five 1.5 ´ 0.5 ´ 

0.5 m experimental cages in a sand channel flat 10 m away from and parallel to the nearby 
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pavement reef. We also deployed two holding cages, measuring 0.75 ´ 0.75 ´ 0.35 m, 3 m away 

from the experimental cages (Figure 4.1b). We cleaned all cages to remove algae on a biweekly 

basis or as needed. Throughout the duration of this study, one holding and seven experimental 

cages had to be replaced at various stages because they were lost during intense swell events. 

 

Animal collection and experimental design   

We collected corals of opportunity and cushion seastars from the reef adjacent to the 

experimental cages. Corals of opportunity are corals that have naturally dislodged from the reef 

or fragments that have broken off of the main colony (Department of Aquatic Resources Special 

Activities Permit No. 2021-06, 2023-06). Cushion seastar individuals were identified using the 

I3S spot software (Reijns/I3S) with a standardized protocol (Escontrela Dieguez et al., in prep). 

Size (maximum arm tip to arm tip distance), depth, and location were recorded at the point of 

collection. Cushion seastars were first placed in the holding cages for one week without food to 

standardize hunger levels. We then placed one cushion seastar in the center of each experimental 

cage with corals of different species zip tied to either end of the cage (Figure 4.1b). Paired corals 

for each trial had approximately the same surface area of live tissue. The following data were 

recorded for each coral at the beginning of each trial: species, maximum diameter, orthogonal 

diameter, height, and percent live tissue. After each one-week feeding trial, we recorded whether 

corals had been consumed and the percent live tissue. For preyed upon corals, any tissue left 

deep in the skeleton which was not successfully extracted was considered live tissue. We 

returned cushion seastars and unconsumed corals to the surrounding reef. 
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In total, we tested nine coral species and 21 pairwise combinations for a total of 170 

trials. Each pairwise combination was tested at least five times (Table 4.2). Out of the 170 trials, 

nine were omitted from analysis because cushion seastars escaped, cages were lost, or corals 

were smothered by sand for most of the trial. Several coral genera had multiple species that were 

morphologically similar, especially when looking at pieces rather than whole colonies, and could 

not be distinguished from one another, so they were grouped into categories: mounding Porites 

was comprised of Porites lobata and Porites evermanni, Pocillopora spp. was comprised of 

Pocillopora meandrina and Pocillopora grandis, and Leptastrea spp. was comprised of 

Leptastrea purpurea, Leptastrea transversa, and Leptastrea bewickensis. Corals of opportunity 

of the species Pavona varians, Pavona duerdeni, and Leptastrea spp. were rare and difficult to 

find, so they were tested only against Pocillopora spp. and Montipora patula, which had been 

preferred in previous studies and field observations (Glynn and Krupp 1986, Montalbetti et al. 

2019a). 

 

Order of consumption and feeding information 

Where cushion seastars consumed only one coral, the consumed coral was categorized as 

“consumed first,” and the uneaten coral was categorized as “not consumed” in the field. When 

neither coral was eaten, both were categorized as “not consumed” in the field. In order to 

determine the order of consumption when both corals were consumed, the timing of feedings, 

and the order of visitation for each coral in our absence, we used programmable, automated 

cameras. CoralCams (Greene et al. 2020) were mounted on rebar 0.5 m away from the cage and 

were programmed to take one 15-second video clip every hour from dawn to dusk. KiloCams, 



97 
 

which are less expensive, have longer battery life, and take photographs as opposed to video, 

were also deployed during the second half of the study when they became publicly available 

(Greene et al., in prep). KiloCams were attached to the cage and pointed down towards each 

coral. Each KiloCam was programmed to take one photograph every five to fifteen minutes from 

dawn to dusk. Photographs were stitched into a time lapse to efficiently process all images. Due 

to technical difficulties, footage was acquired for only 67 trials. To determine when a coral was 

consumed, we scanned the CoralCam videos and KiloCam timelapses for cushion seastars 

consuming coral during the day, which appeared as a cushion seastar covering a coral and 

resulted in a colony with full or partial mortality. When cushion seastars fed overnight, we 

looked for color changes in the coral (white indicative of consumed tissue). Eaten corals were 

then categorized as either “consumed first” or “consumed second.” Order of consumption could 

not be determined for some of the trials due to camera malfunctions and the order of 

consumption was therefore categorized as “unknown.” We placed the timing of feeding into three 

categories: 1) started feeding before dusk and finished before dawn, 2) fed exclusively at night, 

3) started feeding before dawn and continued feeding into the day. Imagery was also analyzed to 

determine which coral they visited first. We considered a cushion seastar visited a coral when it 

traveled to the side of the cage with the coral before dusk on the first day of the trial.  

 

Data analysis 

All data were analyzed using R v4.3.1. We used an alpha of 0.05 for all statistical tests. 

We conducted a paired t-test to compare the surface area of live tissue of paired corals in each 

trial. We used the geometric approximations approach in (Naumann et al. 2009) to approximate 
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the surface area of each coral: a geometric shape was assigned to each coral and the surface area 

was calculated using geometric formulas. The surface area of each coral was multiplied by the 

percent live tissue at the beginning of each trial.   

A chi-square goodness-of-fit test determined whether cushion seastars fed randomly. For 

all chi-square tests (one test per coral species or genus), expected and observed values were 

calculated across three consumption categories: consumed first, consumed second, and not 

consumed. We determined the expected value by dividing by three the number of times each 

coral species or genus was tested. The expected value was the same for the three consumption 

categories and represents the number of times each species would be consumed either first, 

second, or not consumed if consumption was random. For the observed value, we determined 

how many times each coral species or genus was actually consumed first, second, or was not 

consumed. We aggregated the data from all the trials and removed those trials from which order 

of consumption could not be determined. Because we had uneven sample sizes for each pairwise 

combination and not all coral species were tested against each other (i.e., P. varians, P. duerdeni, 

and Leptastrea spp. were tested only against Pocillopora spp. and M. patula leading to small 

sample sizes),  we conducted several chi-square tests to determine whether they gave different 

results: 1) with data from all trials, 2) without trials that tested P. varians, P. duerdeni, and 

Leptastrea spp., and 3) by genus. These were unbalanced tests in that the sample sizes differed 

for each coral species. A balanced test was also conducted without trials that tested P. varians, P. 

duerdeni, and Leptastrea spp. For all tests, we ran 1000 iterations randomly selecting five trials 

from each pairwise combination each time.  
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Corals were ranked using three methods to determine the general hierarchy of prey 

choice and whether there were deviations in the hierarchy depending on what ranking method 

was used. First, corals were ranked by the proportion of times each species was consumed first. 

Second, we ranked corals by the proportion of times each species was consumed, regardless of 

order. Lastly, we ranked coral species using a weighted score, where those corals that were 

consumed first received a score of 1, those that were consumed second received a score of 0.5, 

and those that were not consumed received a score of 0. Lastly, to determine how efficient 

cushion seastars were at consuming each coral species, we calculated the percent change in live 

tissue for those corals that were consumed.  

 

4.3 Results 

Summary statistics 

Cushion seastars in the prey-choice experiments ranged in size from 12 to 24 cm in 

diameter (𝑥̅ ± SE = 18.11 ± 0.17 cm). In total, 89 (72.4%) cushion seastars were each used in one 

trial, 30 (24.4%) were each used in two separate trials, and 4 (3.2%) were each used in three 

separate trials. Corals ranged in size from 2.5 to 26 cm (10.02 ± 0.23 cm) in diameter. The 

starting surface area of live tissue of paired corals was not significantly different (208.07 ± 11.26 

cm2, p >> 0.05). Cushion seastars consumed both corals in 43 (26.7%) trials, one coral in 76 

(47.2%) trials, and neither coral in 42 (26.1%) trials. 
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Non-random feeding 

Cushion seastars fed in a non-random manner on all coral species (all aggregate data c2 

test, df = 2, p < 0.05, Table 4.3) except for Pavona varians (c2 = 0.5, df = 2, p = 0.78) and 

Pavona duerdeni (c2 = 0.15, df = 2, p = 0.93, Table 4.3). A chi-square test excluding data from 

trials that tested Pavona varians, Pavona duerdeni, and Leptastrea spp. similarly confirmed that 

cushion seastars fed non-randomly on all other coral species (df = 2, p < 0.05). When aggregated 

by genus, feeding by cushion seastars on all the genera was significantly non-random (df = 2, p < 

0.05) except for Pavona spp. (c2 = 0.32, df = 2, p = 0.85). 

In 100% of the iterations in the balanced chi-square test, feeding by cushion seastars was 

significantly non-random (df = 2, p < 0.05) for Pocillopora spp., Porites compressa, mounding 

Porites, and Lobactis scutaria. In 99% of the iterations, feeding was significantly non-random 

(df = 2, p < 0.05) for Montipora capitata, and in 91% of the iterations, feeding was significantly 

non-random (df = 2, p < 0.05) for Montipora patula.  

 

Order of visitation 

We acquired footage with KiloCams and/or CoralCams, cushion seastars consumed at 

least one coral, and the order of visitation could be determined for 57 trials. In 59.6% (34) of 

these trials, cushion seastars initially visited the coral they consumed first. In the remaining 

40.4% (23) of the trials, cushion seastars initially visited either the coral they did not consume or 

the coral they consumed second.  

 



101 
 

Hierarchy of prey choice 

To determine the order of consumption, coral species were ranked in three ways: by the 

proportion of times each species was consumed first, by the proportion of times they were 

consumed regardless of order, and by a weighted score (Table 4.4, Figure 4.2). Among the three 

methods, there was agreement in the hierarchy for Pocillopora spp., P. duerdeni, M. capitata, 

and mounding Porites. The order of the other species varied depending on the ranking method. 

The methods that ranked corals by a weighted score and by whether they were consumed had the 

most agreement. Using these two methods, P. varians and P. duerdeni both followed Pocillopora 

spp. in the hierarchy. M. patula and M. capitata both followed Pavona spp. and P. compressa 

ranked next to last. These two methods aggregated corals by genus, from most to least preferred 

as follows: Pocillopora spp., Pavona spp., Montipora spp., Leptastrea spp. or Lobactis spp., and 

Porites spp. In all three methods L. scutaria, Leptastrea spp. and P. compressa aggregated at the 

bottom of the hierarchy but always above mounding Porites.  

 

Feeding efficiency 

Cushion seastars showed different levels of efficiency when extracting tissue depending 

on the coral species. On average, over 75% of the coral tissue was extracted from all coral 

species except for mounding Porites and P. compressa. Cushion seastars, on average, removed 

less than 65% of live tissue for these two corals and they showed high variability in the amount 

of tissue they removed per feeding bout (Figure 4.3a). When feeding on Pocillopora spp., 

cushion seastars usually consumed close to 100% of the tissue. This is contrast to Porites spp. for 

which cushion seastars often left behind undigested, sloughing tissue (Figure 4.3b). 
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Timing of feeding 

The timing of feeding could be determined using KiloCam or CoralCam footage for 98 

consumed corals. Cushion seastars started feeding before dawn and continued feeding into the 

day on 52.0% (51) of the 98 corals. For 46.9% (46) of these corals, seastars fed exclusively at 

night, and for only one coral (1.1%), a star began feeding at dusk and continued feeding during 

the night. Cushion seastars did not feed exclusively during the day in any trial. 

 

4.4 Discussion 

Non-random feeding 

Cushion seastars consumed most coral species in a non-random manner. Pocillopora spp. 

was almost always consumed first while mounding Porites and Lobactis scutaria was almost 

always avoided. The observed “not consumed” values for mounding Porites and Lobactis 

scutaria were 2.3 and 2.7 times greater than expected, respectively. Meanwhile, Pavona varians 

and Pavona duerdeni were consumed in a random manner.  

Optimal diet theory attempts to explain forager diets by considering the trade-off between 

acquiring energy from feeding and the energy that is spent searching for, consuming, and 

processing food (Stephens and Krebs 1986). The decision to include a prey item in an animal’s 

diet usually depends on prey profitability and availability, and as rule of thumb, as profitable 

prey decreases, predators become more generalized (Emlen 1966). This model has performed 

well for foragers that consume immobile prey (Sih and Christensen 2001). In the case of the 

cushion seastar, the decision to feed on certain coral species, or not, likely depends on what other 

prey are available and amount of time since their last meal. For example, cushion seastars will 
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almost always consume Pocillopora spp. if it is available, and regardless of other options, 

because it appears to be the most profitable prey. On the other hand, stars will consume 

mounding Porites, Porites compressa, Leptastrea spp., and/or L. scutaria only in the absence of 

other options. However, the decision to feed on Pavona spp. may be more dependent on what 

other prey are available and the timing of their last meal. For example, Pavona spp. was more 

often consumed second when paired with the highly preferred Pocillopora spp. Alternately, 

Pavona spp. was consumed first in about the same proportion as when it was paired with 

Montipora patula, which falls close to Pavona spp. in the prey preference hierarchy (Figure 4.2). 

Cushion seastars visited the non-preferred coral species first 40.4% of the time, further 

demonstrating that feeding was not random. Seastars use gustatory stimuli and olfaction to 

perceive and differentiate between prey items (Keesing 1990). Additionally, cushion seastars 

might employ ingestive conditioning, whereby food preference is related to previous successful 

feeding experiences. This phenomenon has been documented in the crown-of-thorns seastar with 

which cushion seastars share many life history strategies (Wood 1968). Ingestive conditioning 

could partially explain why more familiar prey items are consistently consumed first whenever 

they are encountered.  

 

Prey preference 

Cushion seastars overwhelmingly preferred Pocillopora spp., as previously shown in 

laboratory experiments (Glynn and Krupp 1986, Hawkins 2006), and they avoided Porites spp. 

altogether (Bell 2008). Coral species hierarchies from in situ observations of the closely related 

Culcita schmideliana in the Maldives also closely matched the results of our experiment 



104 
 

(Bruckner and Coward 2019, Montalbetti et al. 2019a). While there are some minor 

discrepancies in prey preference, this can likely be explained by regional differences in behavior 

or differences among sister taxa. Indeed, regional behavioral differences for corallivorous 

seastars have been previously described (Burn et al. 2020). Contrary to our study, which ranked 

Porites spp. as the least preferred corals, Glynn and Krupp (1986) found that P. compressa 

ranked right below Pocillopora spp., yet their study tested only four coral species (Pocillopora 

damicornis, Montipora capitata, P. compressa, and L. scutaria) and P. compressa was only tested 

against P. damicornis. Although cushion seastars mostly consumed Pocillopora spp., they 

switched to other coral species when their preferred choice was not available. Other corallivores 

have been known to include less preferred coral species in their diet when preferred prey is not 

available, although this ability decreases with increased specialization (Cole et al. 2008). 

 

Prey choice mechanisms 

Similar to the crown-of-thorns sea star, cushion seastars likely select their prey based on a 

variety of factors such as physiological state of the predator, abundance and distribution of 

corals, nutritional value of the coral prey, coral morphology, and coral tissue placement 

(Birkeland 1989). The biggest determinants of prey selection likely involve certain coral 

characteristics which make cushion seastars more successful at removing tissue in a consistent 

and predictable manner for some prey species over others. For example, while cushion seastars 

were very effective at removing most, if not all, of the tissue from Pocillopora spp., their 

attempts at consuming Porites spp. were less successful. When consuming Porites spp., not only 

did they remove less tissue than with other coral species, but there was also high variability in 
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the amount of tissue successfully removed in each feeding bout. This lack of consistency when 

consuming Porites spp. was previously documented with the crown-of-thorns seastar (Keesing 

1990).  

Various coral characteristics have been explored to explain corallivore prey choice, but 

tissue depth seems to be one of the best predictors of cushion seastar prey choice. Less preferred 

coral species such as M. capitata, P. compressa, mounding Porites, and L. scutaria have 

perforate skeletons with vertical and lateral connections between corallites and deep tissue 

layers, making it difficult to extract polyps (Glynn and Krupp 1986, Domart-Coulon et al. 2006, 

Kuffner et al. 2012). In contrast, Pocillopora spp. has tissue that is not intricately connected or 

deeply penetrating, and instead forms a superficial layer over the corallum, making polyp 

extraction easier (Glynn and Krupp 1986, Yost et al. 2013). 

The nutritional value of corals has also been explored as an explanation for prey choice in 

corallivores, yet results have been equivocal, as the energy content of coral species often does 

not match feeding hierarchies. Even though Pocillopora spp. was preferred, it has lower organic 

matter content than less preferred species such as P. compressa, M. capitata, and L. scutaria 

(Glynn and Krupp 1986). Additionally, nutritional value can be measured in a variety of ways, 

such as calories and/or amount and location of fat bodies (Glynn and Krupp 1986, Tricas 1989, 

Keesing 1990), making it difficult to match nutritional value to feeding hierarchies. Lastly, 

nutritional quality can greatly vary between colonies of the same species and depends on 

environmental factors such as light intensity and water movement (Cole et al. 2008). Cushion 

seastars may be balancing a trade-off between nutritional value and their ability to efficiently 

extract coral polyps.  
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A variety of other characteristics have been studied in relation to corallivore prey choice 

such as nematocyst size and quantity (Moore and Huxley 1976, Glynn and Krupp 1986, Tricas 

1989), coral morphology (Birkeland 1989, De’ath and Moran 1998, Pratchett 2007, Bergsma 

2012), colony size (Goreau et al. 1972, Glynn and Krupp 1986, Bruckner and Coward 2019, 

Montalbetti et al. 2019a), and number of defensive symbionts, such as guard crabs (DeVantier et 

al. 1986, Glynn and Krupp 1986, Morrison 2008, Mckeon et al. 2012, McKeon and Moore 2014, 

Rouzé et al. 2014, Montalbetti et al. 2019a). However, similar to nutritional value, the results are 

equivocal and often do not match the feeding hierarchy of cushion seastars or other corallivores. 

Ultimately, it is likely that multiple characteristics lead cushion seastars to prefer certain 

coral species over others. Some tentative conclusions can be drawn for Pocillopora spp. and 

Porites spp., which are the most and least preferred, respectively, and which have been 

intensively investigated in previous studies. Pocillopora spp. has shallow tissue layers (Glynn 

and Krupp 1986), exposed fat bodies (Tricas 1989), and small nematocysts (Glynn and Krupp 

1986). Moreover, cushion seastars usually consume juvenile colonies which are easier to climb 

and grasp, and they harbor fewer and smaller defensive symbionts, such as guard crabs (Counsell 

et al. 2018). Porites spp., in contrast, has deep tissue layers and large nematocysts (Glynn and 

Krupp 1986). They also form large colonies with vertical walls, making it difficult to climb and 

adhere them. Combined, these characteristics likely lead to more efficient polyp extraction and 

therefore higher energy absorption per time spent feeding for Pocillopora spp. while the opposite 

is true for Porites spp. Indeed, when cushion seastars consumed Pocillopora spp. in this study, 

they left behind a bare, white skeleton without any remaining coral tissue. Conversely, when they 
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fed on Porites spp., they often left behind large amounts of tissue that was sloughing off the 

skeleton. 

 

Timing of feeding 

Consistent with other studies, cushion seastars almost exclusively fed at night and were 

usually done within a few hours after dawn (Hawkins 2006, Bell 2008). Although the only adult 

predator of the cushion seastar, the Triton’s Trumpet (Charonia tritonis), is also nocturnal (Hall 

et al. 2017), they are sparse around the island of Oʻahu (D. Escontrela Dieguez unpubl. data), 

likely due to overcollection by humans. Because of their patchy distribution, Triton’s Trumpet 

may be an insignificant threat which allows cushion seastars to forage at night. However, the 

nocturnal feeding behavior exhibited by cushion seastars does coincide with tentacle expansion 

in some coral species, which also happens at night (Sweeney 1976), and which may allow for 

more efficient polyp extraction. 

 

4.5 Conclusions 

This is the most comprehensive study to date of feeding preferences of the cushion 

seastar. We examined nine coral species, evaluating 21 pairwise combinations, shedding light on 

potential winners and losers in the event of a substantial cushion seastar outbreak. Because we 

conducted our study entirely in situ, the seastars were exposed  to their typical sensory cues, 

thereby mitigating any potential artifacts that can arise from lab experiments. Lastly, we 

conducted the first controlled experiments ever to assess the feeding preferences of cushion 

seastars for Pavona spp. and Leptastrea spp.  
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Future studies should focus on expanding sample sizes, especially for less common 

genera such as Pavona spp. and Leptastrea spp. Furthermore, it would be beneficial to 

distinguish among all tested coral species, rather than grouping them as was done with some 

species in this study. It will also be important to further investigate the underlying basis of these 

preferences and to determine the details of feeding behavior, such as handling times, for each 

coral species. 

When available to them, cushion seastars almost exclusively preferred Pocillopora spp., a 

coral genus which harbors a wide array of fishes and invertebrates that use its branches for 

shelter (Counsell et al. 2018). Reductions in Pocillopora spp., which could occur as a result of 

excess predation, will lead to less habitat for these highly reef associated species. Cushion 

seastars also prefer to consume juvenile colonies (Glynn & Krupp 1986, Montalbetti et al. 2019, 

pers. obs.) which likely would not survive to reproductive size before they are consumed, 

creating a potential population bottleneck for Pocillopora spp. in areas with high seastar 

densities. Moreover, Pocillopora spp. is one of the first genera to bleach during thermal stress 

events (Burgess et al. 2021). Following a coral bleaching event, Pocillopora spp. mortality could 

be exacerbated if there is excess coral predation. Cushion seastar predation can also hinder 

recovery after bleaching events because they preferentially consume newly settled corals, as has 

been documented in the Maldives (Bruckner and Coward 2019). Because cushion seastar 

abundances have increased on the south shore of O’ahu since the 1980s, where coral cover is 

already sparse, continual monitoring will be imperative for signs of excess predation and/or 

seastar outbreaks. In the event of an outbreak, this study equips coral reef managers with the 

knowledge needed to implement timely and effective management interventions. By 
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understanding in advance which coral species are likely to experience disproportionate mortality 

from cushion seastar predation, they can make informed decisions to protect these vulnerable 

reefs. 
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4.7 Tables 

Table 4.1 Predicted hierarchy of prey choice by the cushion seastar from most preferred (rank 1) 
to least preferred (rank 9) based on coral tissue depth, type of skeleton, colony morphology, 
nutritional value, and nematocyst size and density, as well previous feeding observations. Cells 
are color coded with the most desired characteristics in green followed by orange, yellow, and 
red being the least preferred. Species specific information was unavailable for some species 
therefore we used information from other species in the genus or family information. 

Rank: 
Species 

Tissue 
depth and 
skeleton 

Colony 
morphology 

Nutritional 
value 

Nematocyst 
size and 
density 

Observations 
of predation References 

1: 
Pocillopora 

spp. 

Very 
shallow, 

imperforate 

Branching, 
difficult to 
access 

Exposed 
fat bodies, 
low calorie 

content 

Small, high 
density 

Preferred in 
prior field 

observations 
and controlled 
experiments 

(Glynn and Krupp 
1986, Tricas 

1989, Loya et al. 
2001) 

2: Pavona 
varians 

Shallow, 
imperforate 

Encrusting,  
very easy to 

access 

No 
information 

No 
information 

Preferred after 
Pocillopora in 

prior field 
observations 

Powers & Rohlf 
1972, Montalbetti 
et al. 2019, pers. 

obs 

3: Pavona 
duerdeni 

Shallow, 
imperforate 

Lobate, easy 
to access 

No 
information 

No 
information 

Preferred after 
Pocillopora in 

prior field 
observations 

Powers & Rohlf 
1972, Montalbetti 
et al. 2019, pers. 

obs 

4: 
Montipora 

patula 

Medium, 
perforate 

Encrusting,  
very easy to 

access 

Low calorie 
content 

Large, low 
density 

Preferred after 
Pavona in prior 

field 
observations 

Glynn & Krupp 
1986, Loya et al. 
2001, Montalbetti 
et al. 2019, pers. 

obs. 

5: 
Montipora 
capitata 

Medium, 
perforate 

Encrusting  
with knobby 
projections, 

easy to 
access 

Low calorie 
content 

Large, low 
density 

Preferred after 
Pavona in prior 

field 
observations 

Glynn & Krupp 
1986, Loya et al. 
2001, Montalbetti 
et al. 2019, pers. 

obs. 
6: 

Leptastrea 
spp. 

Imperforate 
Encrusting,  
very easy to 

access 

No 
information 

No 
information 

No prior 
observations 

reported 

(Powers and 
Rohlf 1972). 
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Table 4.1 (Continued) Predicted hierarchy of prey choice by the cushion seastar from most 
preferred (rank 1) to least preferred (rank 9) based on coral tissue depth, type of skeleton, colony 
morphology, nutritional value, and nematocyst size and density, as well previous feeding 
observations. Cells are color coded with the most desired characteristics in green followed by 
orange, yellow, and red being the least preferred. Species specific information was unavailable 
for some species therefore we used information from other species in the genus or family 
information. 

Rank: 
Species 

Tissue 
depth and 
skeleton 

Colony 
morphology 

Nutritional 
value 

Nematocyst 
size and 
density 

Observations 
of predation References 

8: Lobactis 
scutaria 

Deep, 
perforate 

Free living, 
often in 

crevices, 
difficult to 
access 

Low calorie 
content 

Large, low 
density 

Few 
incidences of 
predation in 
prior field 

observations 
and controlled 
experiments 

Powers & Rohlf 
1972, Glynn & 
Krupp 1986, 

Montalbetti et al. 
2019, pers. obs. 

9 (tie): 
Porites 

compressa 

Deep, 
perforate 

Branching,  
difficult to 
access 

Low calorie 
content 

Large, high 
density 

Few 
incidences of 
predation in 
prior field 

observations 
and controlled 
experiments 

Powers & Rohlf 
1972, Glynn & 

Krupp 1986, Loya 
et al. 2001, 

Montalbetti et al. 
2019, pers. obs. 

9 (tie): 
Mounding 

Porites 

Deep, 
perforate 

Mounding 
with steep 

walls, difficult 
to access 

Low calorie 
content 

Large, high 
density 

Few 
incidences of 
predation in 
prior field 

observations 
and controlled 
experiments 

Powers & Rohlf 
1972, Glynn & 

Krupp 1986, Loya 
et al. 2001, 

Montalbetti et al. 
2019, pers. obs. 
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Table 4.2 Sample sizes for all pairwise combinations tested (161 trials total). The nine trials that 
were discarded because of disturbance are not included. Several species were too similar to 
distinguish from each other and were grouped into the following categories: mounding Porites 
includes Porites lobata and Porites evermanni, Pocillopora spp. includes Pocillopora meandrina 
and Pocillopora grandis, and Leptastrea spp. includes Leptastrea purpurea, Leptastrea 
transversa, and Leptastrea bewickensis. 
  Pocillopora 

spp. Montipora 
patula Montipora 

capitata Porites 
compressa Mounding 

Porites Lobactis 
scutaria Pavona 

varians Pavona 
duerdeni Leptastrea 

spp. 
Pocillopora 

spp. — 10 10 16 12 5 8 7 7 
  Montipora 

patula — 10 7 13 5 6 6 7 
    Montipora 

capitata — 5 6 5 — — — 
      Porites 

compressa — 5 6 — — — 
        Mounding 

Porites — 5 — — — 
          Lobactis 

scutaria — — — — 
            Pavona 

varians — — — 
              Pavona 

duerdeni — — 
                Leptastrea 

spp. — 
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Table 4.3 Chi-square tests using aggregate data from all trials. “Expected” was calculated by 
dividing number of trials by three and represents the number of times each species would be 
consumed first, second, or not consumed if consumption was random. 

Coral species Number of 
Trials Expected Observed: 

Consumed 
First 

Observed: 
Consumed 

Second 
Observed: 

Not 
consumed c2 p-value 

Pocillopora spp. 71 23.67 58 7 6 74.73 <0.0001 
Montipora patula 59 19.67 27 7 25 12.34 0.002 
Pavona duerdeni 13 4.33 5 4 4 0.15 0.926 
Pavona varians 12 4.00 4 5 3 0.50 0.779 
Montipora capitata 35 11.67 8 4 23 17.2 <0.001 
Lobactis scutaria 26 8.67 4 2 20 22.46 <0.0001 
Porites compressa 38 12.67 4 1 33 49.32 <0.0001 
Leptastrea spp. 12 4.00 1 2 9 9.5 0.009 
Mounding Porites 40 13.33 1 3 36 57.95 <0.0001 
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Table 4.4 Coral species ranked from most to least preferred using three methods (from left to 
right): by the proportion of times each species was consumed first, by the proportion of times 
each species was consumed, regardless of order, and by a weighted score. Cells highlighted in 
green show agreement among all three methods and cells highlighted in yellow show agreement 
between two of the methods. 
 Ranked by: 

Consumed first 
Ranked by: 
Consumed 

Ranked by: 
Weighed score 

Most  
preferred 

Pocillopora  
spp. 

Pocillopora  
spp. 

Pocillopora 
spp. 

 Montipora  
patula 

Pavona  
varians 

Pavona  
varians 

 Pavona  
duerdeni 

Pavona  
duerdeni 

Pavona  
duerdeni 

 Pavona  
varians 

Montipora  
patula 

Montipora  
patula 

 Montipora  
capitata 

Montipora  
capitata 

Montipora  
capitata 

 Lobactis  
scutaria 

Leptastrea  
spp. 

Lobactis  
scutaria 

 Porites  
compressa 

Lobactis  
scutaria 

Leptastrea  
spp. 

 Leptastrea  
spp. 

Porites  
compressa 

Porites  
compressa 

Least  
preferred 

Mounding  
Porites 

Mounding  
Porites 

Mounding  
Porites 
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4.8 Figures 

 
Figure 4.1 (A) Map of the experimental design at the study site offshore of Waikīkī Beach, on 
the south shore of Oʻahu. Experimental cages were deployed on sand 10 m off and parallel to the 
reef and holding cages were deployed 3 m away from the experimental cages. EXP denotes 
experimental cages. (B) An experimental cage containing a cushion seastar (yellow circle), corals 
of different species (green circles), and a CoralCam (red circle). 
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Figure 4.2 Hierarchy of cushion seastar prey choice for coral species (aggregate data from all 
trials). Numbers across the tops of the bars give the total number of times each coral was tested 
across all trials. Green bars represent corals that were consumed first, yellow bars represent 
corals that were consumed second, orange bars represent corals where the order of consumption 
could not be determined, and red bars represent corals that were not consumed. 
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Figure 4.3 (A) Cushion seastar feeding efficiency by coral species represented by the percent 
change in surface area of live tissue for consumed corals (x ̅ ± SE). (B) Pocillopora spp. (above) 
before and after consumption shows how effective cushion seastars are at removing tissue from 
these corals for which they leave behind a bare, white skeleton. This is in contrast to mounding 
Porites (below) for which large amounts of tissue still remain after cushion seastars have fed. 
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Chapter 5 – General Conclusions 

 

Daniela Escontrela Dieguez 

 

Corallivores are animals that consume living coral tissue, which in some circumstances 

may confer benefits to both coral colonies (Glynn 1976, Stewart et al. 2013) and entire coral 

reefs (Cox 1986, Miller and Hay 1998). However, corallivores are also widely known to have 

negative effects. For example, they can cause reductions in colony growth and reproduction as 

limited metabolic resources are diverted to wound healing (Henry and Hart 2005) and at high 

densities, they can cause mass mortality of corals (De’ath et al. 2012). Despite its ecological 

importance, corallivory has often been overlooked in reef management interventions (Ladd and 

Shantz 2020), potentially undermining their efficacy. Hawaiʻi is one region where corallivory 

research has received limited attention (Rotjan and Lewis 2008), impairing our ability to 

incorporate corallivory into reef management decisions. This dissertation, conducted around the 

island of Oʻahu, Hawaiʻi, explored the accuracy of structure from motion (SfM) photogrammetry 

as a corallivory monitoring tool, documented patterns and drivers of corallivory, and investigated 

the feeding ecology of a prominent corallivore, the cushion seastar (Culcita novaeguineae). 

The second chapter of this dissertation explored whether SfM served as an accurate tool 

to quantify corallivory. I found a significant difference in bite mark counts between SfM and in 

situ visual surveys, with more bite marks recorded through SfM. This discrepancy between 

methods in counting small features is consistent with (Charendoff et al. 2023), who found that 

SfM annotations resulted in higher counts of small, cryptic juvenile coral colonies compared to 
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in situ surveys. Despite differences between methods, relative patterns of corallivory across sites 

were consistent, that is, sites with high bite mark densities in situ also had high bite mark 

densities with SfM, and vice versa. Consistency in site rankings between methods indicates that 

SfM can accurately identify high corallivory sites for prioritization in management interventions. 

This difference in methods led me to explore how time constraints experienced by divers 

affected recorded bite mark counts. For all corallivore types, I found that as depth and hard coral 

cover increased, bite marks recorded through SfM annotations increased at a faster rate than bite 

marks recorded through in situ surveys. This bias likely resulted from limitations divers faced 

during in situ surveys in that deeper sites limited underwater time due to air and physiological 

constraints and high coral cover sites required more time to survey. In contrast, SfM surveyors 

had unlimited time to inspect all imagery, allowing them to find more bite marks. These 

differences were especially apparent for blenny and parrotfish bite marks, which are small, 

densely concentrated, and often overlap, demanding more survey time (Bruckner et al. 2000, 

Carlson 2012). 

Between-method differences also varied depending on the coral species for blenny, 

scraper, and excavator bite marks. This variation likely resulted from methodological nuances in 

documenting specific types of predation on different coral species. For instance, the pale branch 

tips on Pocillopora meandrina could be mistaken for healing excavator or scraper bite marks. 

Because photos pixelated upon zooming in, identifying missing skeletal parts was challenging 

with SfM, so these pale branch tips were excluded from bite mark counts when missing skeletal 

parts were not discernible. Conversely, during in situ surveys, divers could closely inspect coral 

branches to identify whether parts of the skeleton were absent, potentially leading to higher and 
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more accurate counts. Both methods involve trade-offs specific to each coral species and 

corallivore type which researchers will have to carefully consider depending on the questions 

being asked. 

Overall, I captured high-resolution imagery that allowed me to count and identify 

different types of bite marks. SfM surveys overcame the time limitations that divers face, making 

this methodology potentially more precise than in situ surveys. Despite drawbacks like long 

processing and annotating times and high up-front costs, using SfM allows extraction of 

numerous reef metrics from a single model beyond corallivory estimates (Burns et al. 2015, 

Bryson et al. 2017, Ferrari et al. 2017, House et al. 2018, Lange and Perry 2020, Couch et al. 

2021, Kornder et al. 2021), reducing long-term fieldwork costs. Ultimately, the choice of 

methodology will depend on factors such as the specific questions being asked, availability of 

resources, and the urgency with which data are needed.  

Given the precision with which I quantified corallivory using SfM models, for chapter 

three I leveraged the SfM data from chapter two to study patterns and drivers of corallivory. Of 

16 coral species documented during surveys, I found that only six species were widely 

consumed: Montipora capitata, M. patula, Porites compressa, P. evermanni, P. lobata, and 

Pocillopora meandrina. This finding aligns with studies from other regions, which have 

identified these three genera as among the most commonly consumed (Rotjan and Lewis 2008). 

Furthermore, prey choice varied by predator and matched results from previous studies in 

Hawaiʻi (DiSalvo et al. 2007, Jayewardene et al. 2009, Carlson 2012, Palacios et al. 2014). Prey 

choice is likely linked to coral characteristics such as caloric content (Tricas 1989), nematocyst 

size and quantity (Gochfeld 2004), macroborer and symbiont presence (Rotjan and Lewis 2005), 
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and tissue depth (Glynn and Krupp 1986). Corallivores probably choose coral species based on 

specific characteristics that enable them to effectively extract coral polyps according to their 

feeding behavior or mode. 

I further explored how coral cover either diluted or concentrated corallivory and found 

that as hard coral cover increased, predation intensity also increased for all corallivore types. 

Coral availability may limit corallivore population growth as coral serves as both a food source 

(Rotjan and Lewis 2008) and a place of refuge (Cole et al. 2008). The positive relationship 

identified here for all predator types suggests that coral availability affects corallivore 

populations as a dual resource. When I disaggregated these relationships by predator type and 

coral species, I found more positive relationships between species-specific coral cover and 

predation intensity for the preferred coral species of each predator. This pattern supports the idea 

that coral as a food source may be a more important limiting factor for corallivore population 

growth than coral as a place of refuge. Understanding how hard coral either dilutes or 

concentrates predation can help inform restoration design, especially given that coral cover 

increases over time at restoration sites (Hein et al. 2020).  

I also investigated the healing status of bite marks and found that predator type, rather 

than coral species, was a more important determinant of bite mark healing. Excavators and 

scrapers, which leave behind deeper and more extensive wounds, had a lower proportion of heal 

bite marks compared to those made by parrotfish and blennies. Excavator and scraper marks take 

longer to heal or heal incompletely (Carlson 1992, Jayewardene and Birkeland 2006, Cameron 

and Edmunds 2014) and have larger surface areas (Rice et al. 2019), making them more 

vulnerable to colonization by macroalgae. While algae colonization does not impede full 
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recovery, unless regeneration occurs rapidly, the probability of re-growth diminishes (Bak and 

Steward-Van Es 1980). Despite these differences, I found an overall high proportion of healing 

bite marks, which is a positive indicator for Oʻahu reefs and also offers an insight into coral 

recovery after small-scale disturbances. 

For the fourth chapter of this dissertation, I focused on the cushion seastar (Culcita 

novaeguineae), a prominent corallivore around Oʻahu. Although less voracious than the crown-

of-thorns seastar, Acanthaster planci (Glynn and Krupp 1986, Birkeland 1989), cushion seastar 

outbreaks may have delayed reef recovery in other regions (Bruckner and Coward 2019) and 

they commonly consume juvenile coral colonies (Glynn and Krupp 1986, Birkeland 1989). 

Although cushion seastars have not been studied directly in relation to coral restoration, the 

crown-of-thorns seastar has been known to negatively affect coral reef restoration efforts (Mbije 

et al. 2013, Knoester et al. 2023). The negative effects of cushion seastars on coral reefs, 

combined with potentially increasing abundances around Oʻahu (Glynn and Krupp 1986) and 

their potential to hinder restoration efforts, necessitate a deeper understanding of their feeding 

ecology to guide future management interventions. 

Using in situ prey-choice experiments, I found cushion seastars consumed all coral 

species, except Pavona varians and Pavona duerdeni, in a non-random manner. For instance, 

Pocillopora meandrina was consumed first more frequently than would be expected by chance, 

while mounding Porites was generally avoided. Optimal diet theory explains forager diets by 

considering the tradeoff between the energy gained from feeding and the energy expended 

searching for, consuming, and processing food (Stephens and Krebs 1986). As a rule of thumb, 

when profitable prey decreases in abundance, predators become more generalized (Emlen 1966) 
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and this general model has performed well for foragers that consume immobile prey (Sih and 

Christensen 2001). For cushion seastars, the decision to feed on certain coral species likely 

depends on the availability of other prey and the time since their last meal. 

This non-random feeding behavior resulted in a clear hierarchy of prey choice, ranked 

from most preferred to least preferred: Pocillopora spp., Pavona spp., Montipora spp., 

Leptastrea spp. or Lobactis scutaria, Porites compressa, and mounding Porites. Feeding 

hierarchies developed in previous lab and observational studies generally followed the same 

order (Glynn and Krupp 1986, Hawkins 2006, Bell 2008, Bruckner and Coward 2019, 

Montalbetti et al. 2019). Like other corallivores, cushion seastars likely select their prey based on 

various factors such as the physiological state of the predator, coral abundance and distribution, 

and a variety of coral characteristics (Birkeland 1989). Coral characteristics like tissue depth 

(Glynn and Krupp 1986), corallite morphology (Domart-Coulon et al. 2006, Kuffner et al. 2012, 

Yost et al. 2013), and nutritional value (Tricas 1989, Keesing 1990) have been extensively 

studied and linked to corallivore hierarchies of prey choice (Glynn and Krupp 1986, Tricas 1989, 

De’ath and Moran 1998). However, past results have been inconsistent for the cushion seastar 

(Glynn and Krupp 1986). 

Ultimately, a combination of characteristics, rather than a single factor, likely contributes 

to the hierarchy of prey choice observed. The limited availability of data on all the coral species 

studied here prevented me from directly linking coral characteristics to the constructed hierarchy 

of prey choice. However, insights can be drawn from the extensively studied Pocillopora spp. 

and Porites spp., which were the most and least preferred, respectively. Pocillopora spp. 

typically possess shallow tissue layers (Glynn and Krupp 1986), exposed fat bodies (Tricas 
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1989), and small nematocysts (Glynn and Krupp 1986). Furthermore, cushion seastars tend to 

consume juvenile colonies of Pocillopora spp., which are easier to climb and grasp, and they 

harbor fewer and smaller defensive symbionts (Counsell et al. 2018). In contrast, Porites spp. 

have deep tissue layers and large nematocysts (Glynn and Krupp 1986) and they form large 

colonies with vertical walls, making it challenging for cushion seastars to climb and adhere to 

them. These combined characteristics likely result in more efficient polyp extraction and, 

consequently, higher energy absorption per unit of time spent feeding for Pocillopora spp. 

compared to Porites spp. 

Corallivory was found to be an important trophic interaction across Oʻahu reefs, and the 

findings of this research offer valuable insights that can inform future management and 

restoration interventions. For instance, the SfM corallivory monitoring tool can be used to create 

time-series data and extract other coral reef metrics, helping us better understand drivers of 

corallivory. Furthermore, recognizing that only a subset of coral species were vulnerable to 

predation, restoration practitioners should prioritize growing these vulnerable species to larger 

size classes prior to outplanting to avoid the early life stage bottleneck observed in previous 

studies (Penin et al. 2010, Rivas et al. 2021). Lastly, understanding the cushion seastar hierarchy 

of coral prey choice equips managers with the knowledge needed to prioritize coral species for 

restoration in the event of a seastar outbreak. By integrating knowledge about corallivores into 

coral reef management, we can design interventions that yield more successful outcomes. 
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Appendix A – Chapter 2 Supplemental Tables 
Table S2.1 Table detailing site names, surveyed habitat types (with transect counts in 
parentheses), and the average and range of percent hard coral cover and depths recorded. 
Site Habitat types (n) % hard coral cover 

Avg ± SE (range) 
Depth (m) 
Avg ± SE (range) 

Haleʻiwa Pavement (2) 4.29 ± 1.84  
(2.45 – 6.12) 

13.37 ± 0.56  
(12.80 – 13.93) 

Mokulēia Pavement (2) 7.35 ± 2.45  
(4.90 – 9.80) 

12.45 ± 3.92  
(8.53 – 16.37) 

Pūpūkea Pavement (4) 13.78 ± 1.78  
(10.61 – 17.96)  

6.76 ± 0.56  
(5.27 – 7.92) 

Kāneʻohe Aggregate reef (6) 46.53 ± 8.23  
(11.43 – 71.02) 

2.34 ± 0.44  
(0.79 – 3.26) 

Lanikai Aggregate reef (4) 19.19 ± 2.46  
(16.33 – 26.53) 

1.42 ± 0.09  
(1.22 – 1.62) 

Hanauma Aggregate reef (4) 42.25 ± 10.95  
(9.8 – 57.55) 

10.46 ± 2.58  
(5.18 – 17.47) 

Waikīkī Pavement (4) 2.86 ± 0.44  
(1.63 – 3.67) 

8.18 ± 0.83  
(5.88- 9.75) 

Kewalo Aggregate reef (2)  
Pavement (3) 

27.92 ± 6.20  
(4.49 – 40) 

9.13 ± 0.47  
(7.53 – 10.36) 

Kahe Pavement (4) 11.12 ± 4.26  
(4.08 – 22.96)  

5.54 ± 0.77  
(3.66 – 7.32) 

Mākaha Pavement (4) 15.21 ± 4.84  
(5.71 – 27.35) 

6.17 ± 0.45  
(5.39 – 7.10) 
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Table S2.2 Likelihood Ratio Test Results for GLMMs and LMMs. Significant fixed effects are 
bolded (p < 0.05). Tests where excavator and scraper bite marks were combined are underlined. 
Response variable Test Fixed effect Likelihood 

ratio 
p 

Number of bite marks 
(total) 

GLMM Depth ´ method 82.38 <0.0001 
 Hard coral cover ´ method ´ bite 

mark category 
476.97 <0.0001 

  Hard coral cover ´ method ´ bite 
mark category (excavator & 
scraper grouped) 

457.25 <0.0001 

Number of bite marks 
(blenny) 

GLMM Hard coral cover ´ method 
 

31.91 <0.0001 

Number of bite marks 
(parrotfish) 

GLMM Hard coral cover ´ method 
 

270.96 <0.0001 

Number of bite marks 
(excavator) 

GLMM Hard coral cover ´ method 
 

10.14 0.0015 

Number of bite marks 
(scraper) 

GLMM Hard coral cover ´ method 
 

7.23 0.0072 

Number of bite marks 
(scraper & excavator) 

GLMM Hard coral cover ´ method 
 

14.35 <0.0001 

Between method 
difference (blenny) 

LMM Hard coral cover ´ coral species 10.82 0.013 

Between method 
difference (blenny 
excluding M. capitata) 

LMM Hard coral cover ´ coral species 8.16 0.017 

Between method 
difference (parrotfish) 

LMM Hard coral cover ´ coral species 4.04 0.26 
 Hard coral 9.22 0.0024 
 Coral species 3.15 0.37 

Between method 
difference (excavator) 

LMM Hard coral cover ´ coral species 4.99 0.29 
 Hard coral 1.50 0.22 
 Coral species 12.28 0.015 

Between method 
difference (scraper) 

LMM Hard coral cover ´ coral species 3.89 0.42 
 Hard coral 1.39 0.24 
 Coral species 16.74 0.0022 

Between method 
difference (scraper & 
excavator) 

LMM Hard coral cover ´ coral species 4.36 0.36 

  Hard coral 2.03 0.15 
 Coral species 19.61 <0.001 
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Table S2.3 Table of results for post-hoc Tukey’s test for pairwise comparison. Bold indicates 
significant fixed effects (p < 0.05). 
Response Predictor Slope Pairwise comparison Z ratio p 

Number of 
bite marks 

Depth ´ method SfM vs in situ  -8.81 <0.0001 

Hard coral cover ´ 
method 

SfM vs in situ for blenny bite marks 5.66 <0.0001 

SfM vs in situ for parrotfish bite marks 12.57 <0.0001 

SfM vs in situ for excavator bite marks 3.17 0.0015 

SfM vs in situ for scraper bite marks 2.68 0.0075 

  SfM vs in situ for scraper & excavator 
bite marks 

3.77 0.0002 
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Appendix B – Chapter 3 Supplemental Tables 

Table S3.1 Table of permutational multivariate analysis of variance (PERMANOVA) results 
testing pairwise differences between coral predators. Bold indicates significant differences 
between pairs (p < 0.05). 
Pairwise comparison f statistic p 
Excavator versus Scraper 9.10 0.001 
Excavator versus Parrotfish 3.96 0.002 
Excavator versus Blenny 5.05 0.001 
Scraper versus Parrotfish 9.35 0.001 
Scraper versus Blenny 8.31 0.001 
Parrotfish versus Blenny 1.07 0.36 
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Table S3.2 Similarity percentage analysis (SIMPER) identifying the contribution of coral species 
to differences between predator types. Bold indicates significant contributions from species (p < 
0.05). 

Coral 
species 

Contribution (%) to differences between species 

Excavator 
versus 
Scraper 

Excavator 
versus 

Parrotfish 

Excavator 
versus 
Blenny 

Scraper 
versus 

Parrotfish 

Scraper 
versus 
Blenny 

Parrotfish 
versus 
Blenny 

Pocillopora 
meandrina 32.8 8.06 6.47 27.3 23.0 0.39 

Porites 
compressa 20.5 22.2 12.9 17.9 11.7 10.6 

Massive 
Porites 18.6 39.5 48.3 24.5 32.6 46.9 

Montipora  
capitata 6.31 4.92 3.44 6.09 5.67 4.40 

Montipora  
patula 5.25 5.06 14.1 7.08 13.6 15.0 
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Table S3.3 Pairwise slope comparisons between coral predators with and without outliers. Bold 
indicates significant differences between pairs (p < 0.05). 

Response Predictor Pairwise comparison 
With outliers Without outliers 

z ratio p z ratio p 

Bite mark 
density 

Hard coral 
cover 

× 
type of 

predator 

Blenny versus Excavator  3.19 0.008 4.71 <0.0001 

Blenny versus Scraper 10.65 <0.0001 13.71 <0.0001 

Blenny versus Parrotfish -2.23 0.12 3.06 0.01 

Excavator versus Scraper 3.44 0.003 -4.88 <0.0001 

Excavator versus Parrotfish -4.38 0.0001 2.45 0.07 

Scraper versus Parrotfish -11.46 <0.0001 9.94 <0.0001 
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Table S3.4 Pairwise slope comparisons between coral species with and without outliers. Bold 
indicates significant differences between pairs (p < 0.05). Excavators did not have outliers. 

Response Predictor Type of 
predator 

Coral 
species 1 

Coral 
species 2 

With outliers Without outliers 
z ratio p z ratio p 

Bite mark 
density 

Species- 
specific 

coral 
cover  

×  
coral 

species 

Blenny Montipora 
capitata 

Montipora 
patula -2.81 0.03 -2.33 0.09 

Montipora 
capitata 

Porites 
compressa   4.07 0.0003 4.66 <0.0001 

Montipora 
capitata 

Massive 
Porites  4.58 <0.0001 4.93 <0.0001 

Montipora 
patula 

Porites 
compressa   7.77 <0.0001 8.55 <0.0001 

Montipora 
patula 

Massive 
Porites 12.26 <0.0001 12.31 <0.0001 

Porites 
compressa  

Massive 
Porites -0.56 0.94 -1.06 0.71 

Parrotfish Montipora 
capitata 

Montipora 
patula -1.17 0.77 -1.40 0.63 

Montipora 
capitata 

Porites 
compressa   4.01 0.0006 3.79 0.001 

Montipora 
capitata 

Massive 
Porites 3.30 0.009 2.78 0.04 

Montipora 
capitata 

Pocillopora 
meandrina 0.03 1.00 0.28 1.00 

Montipora 
patula 

Porites 
compressa   6.80 <0.0001 6.74 <0.0001 

Montipora 
patula 

Massive 
Porites 6.36 <0.0001 6.06 <0.0001 

Montipora 
patula 

Pocillopora 
meandrina 0.13 1.00 0.40 0.99 

Porites 
compressa  

Massive 
Porites -1.01 0.85 -1.55 0.53 

Porites 
compressa  

Pocillopora 
meandrina -0.25 1.00 0.02 1.00 

Massive 
Porites 

Pocillopora 
meandrina -0.22 1.00 0.07 1.00 

Scraper Montipora 
capitata 

Montipora 
patula -0.06 1.00 1.16 0.78 

Montipora 
capitata 

Porites 
compressa   6.11 <0.0001 3.81 0.001 

Montipora 
capitata 

Massive 
Porites 5.94 <0.0001 4.05 0.0005 

Montipora 
capitata 

Pocillopora 
meandrina -1.62 0.49 -0.10 1.00 

Montipora 
patula 

Porites 
compressa   4.22 0.0002 4.36 0.0001 
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Table S3.4 (Continued) Pairwise slope comparisons between coral species with and without 
outliers. Bold indicates significant differences between pairs (p < 0.05). Excavators did not have 
outliers. 

Response Predictor Type of 
predator 

Coral 
species 1 

Coral 
species 2 

With outliers Without outliers 
z ratio p z ratio p 

  

 

Montipora 
patula 

Massive 
Porites 4.85 <0.0001 5.00 <0.0001 

Montipora 
patula 

Pocillopora 
meandrina -1.46 0.59 -1.46 0.59 

Porites 
compressa  

Massive 
Porites 1.41 0.62 1.44 0.60 

Porites 
compressa  

Pocillopora 
meandrina -4.59 <0.0001 -4.68 <0.0001 

Massive 
Porites 

Pocillopora 
meandrina -4.87 <0.0001 -4.96 <0.0001 

Excavator Montipora 
capitata 

Montipora 
patula 0.14 1.00 NA NA 

Montipora 
capitata 

Porites 
compressa   3.76 0.002 NA NA 

Montipora 
capitata 

Massive 
Porites 3.54 0.004 NA NA 

Montipora 
capitata 

Pocillopora 
meandrina 0.17 1.00 NA NA 

Montipora 
patula 

Porites 
compressa   1.10 0.81 NA NA 

Montipora 
patula 

Massive 
Porites 1.08 0.82 NA NA 

Montipora 
patula 

Pocillopora 
meandrina -0.01 1.00 NA NA 

Porites 
compressa  

Massive 
Porites -0.18 1.00 NA NA 

Porites 
compressa  

Pocillopora 
meandrina -1.68 0.44 NA NA 

Massive 
Porites 

Pocillopora 
meandrina -1.65 0.47 NA NA  
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Table S3.5 Results of post-hoc Tukey’s test for pairwise comparisons. Bold indicates significant 
differences between pairs (p < 0.05). 

Response Predictor Coral species 1 Coral species 2 t ratio p 

Proportion of 
healed bite 

marks 

Type of 
predator  

+  
coral 

species 

Montipora capitata Montipora patula 0.58 0.98 

Montipora capitata Porites compressa   0.05 1.00 

Montipora capitata Massive Porites 1.97 0.28 

Montipora capitata Pocillopora meandrina -1.35 0.66 

Montipora patula Porites compressa   -0.52 0.99 

Montipora patula Massive Porites 1.33 0.67 

Montipora patula Pocillopora meandrina -1.96 0.29 

Porites compressa   Massive Porites 1.96 0.29 

Porites compressa   Pocillopora meandrina -1.41 0.62 

Massive Porites Pocillopora meandrina -3.92 0.001 
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Table S3.6 Results of post-hoc Tukey’s test for pairwise comparisons. Bold indicates significant 
differences between pairs (p < 0.05). 

Response Predictor Pairwise comparisons t ratio p 

Proportion of 
healed bite 

marks 

Type of 
predator  

+  
coral 

species 

Blenny versus Excavator  7.56 <0.0001 

Blenny versus Scraper 4.89 <0.0001 

Blenny versus Parrotfish 1.20 0.63 

Excavator versus Scraper -3.77 0.001 

Excavator versus Parrotfish -7.50 <0.0001 

Scraper versus Parrotfish -4.45 0.0001 
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Table S3.7 Table of results for post-hoc Tukey’s test for pairwise comparison with and without 
outliers. Bold indicates significant differences between pairs (p < 0.05). Excavators did not have 
outliers. 
Response Predictor Type of 

predator 
Coral 
species 1 

Coral 
species 2 

With outliers Without outliers 
z ratio p z ratio p 

Proportion 
of healed 
bite marks 

Coral 
species 

Scraper Montipora 
capitata 

Montipora 
patula 0.80 0.93 0.55 0.98 

Montipora 
capitata 

Porites 
compressa   1.20 0.75 1.90 0.32 

Montipora 
capitata 

Massive 
Porites 1.06 0.83 1.54 0.54 

Montipora 
capitata 

Pocillopora 
meandrina -0.76 0.94 -0.32 1.00 

Montipora 
patula 

Porites 
compressa   0.31 1.00 1.09 0.81 

Montipora 
patula 

Massive 
Porites 0.10 1.00 0.85 0.91 

Montipora 
patula 

Pocillopora 
meandrina -1.66 0.47 -0.97 0.87 

Porites 
compressa   

Massive 
Porites -0.29 1.00 -0.53 0.98 

Porites 
compressa   

Pocillopora 
meandrina -1.98 0.28 -2.28 0.16 

Massive 
Porites 

Pocillopora 
meandrina -2.56 0.09 -2.73 0.06 

Excavator Montipora 
capitata 

Montipora 
patula -0.44 0.99 0.11 1.00 

Montipora 
capitata 

Porites 
compressa   -1.52 0.55 -0.52 0.99 

Montipora 
capitata 

Massive 
Porites -0.001 1.00 0.46 0.99 

Montipora 
capitata 

Pocillopora 
meandrina -0.95 0.88 -0.21 1.00 

Montipora 
patula 

Porites 
compressa   -0.82 0.92 -0.94 0.88 

Montipora 
patula 

Massive 
Porites 0.61 0.97 0.58 0.98 

Montipora 
patula 

Pocillopora 
meandrina -0.47 0.99 -0.52 0.99 

Porites 
compressa   

Massive 
Porites 2.43 0.12 2.59 0.09 

Porites 
compressa   

Pocillopora 
meandrina 0.43 0.99 0.52 0.99 

Massive 
Porites 

Pocillopora 
meandrina -1.65 0.47 -1.70 0.45 
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Appendix C – Chapter 3 Supplemental Figures 

 
Figure S3.1 Bar graphs illustrating proportion of new, healing, and old bite marks by coral 
species for (a) blenny, (b) parrotfish, (c) excavator, and (d) scraper bite mark categories (x̅ ± SE). 
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Figure S3.2 Heat map of bite mark density at ten sites surveyed around Oʻahu. 
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Figure S3.3 Map with proportion of bite marks inflicted by predator type observed at surveyed 
sites around Oʻahu. 
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Figure S3.4 Map with proportion of bite mark conditions observed at surveyed sites around 
Oʻahu. 
  



154 
 

BIBLIOGRAPHY 

Ahyong, S., J. Bernot, R. Bieler, S. N. Brandão, M. Daly, S. De Grave, S. Gofas, F. Hernandez, 

L. Hughes, T. A. Neubauer, and et. al. 2024, January 9. World Register of Marine Species 

(WoRMS). https://www.marinespecies.org. 

Anderson, M. J. 2006. Distance-based tests for homogeneity of multivariate dispersions. 

Biometrics 62:245–253. 

Anthony, K. R. N. 2016. Coral reefs under climate change and ocean acidification: challenges 

and opportunities for management and policy. Annual Review of Environment and 

Resources 41:59–81. 

Bak, R. P. M., and Y. Steward-Van Es. 1980. Regeneration of superficial damage in the 

scleractinian corals Agaricia agaricites, F. Purpurea and Porites astreoides. Bulletin of 

Marine Science 30:883–887. 

Barnes, D. J., and J. M. Lough. 1992. Systematic variations in the depth of skeleton occupied by 

coral tissue in massive colonies of Porites from the Great barrier reef. Journal of 

Experimental Marine Biology and Ecology 159:113–128. 

Baumann, J. H., L. Z. Zhao, A. C. Stier, and J. F. Bruno. 2022. Remoteness does not enhance 

coral reef resilience. Global Change Biology 28:417–428. 

Beck, M. W., I. J. Losada, P. Menéndez, B. G. Reguero, P. Díaz-Simal, and F. Fernández. 2018. 

The global flood protection savings provided by coral reefs. Nature Communications 

9:2186. 



155 
 

Bell, J. 2008. Feeding preferences of the cushion star Culcita novaeguineae in the presence of 

the crown of thorns starfish Acanthaster planci. UCB Moorea Class Thesis, Biology and 

Geomorphology of Tropical Islands, UC Berkeley. 

Bell, J., and R. Galzin. 1984. Influence of live coral cover on coral-reef fish communities. 

Marine Ecology Progress Series 15:265–274. 

Bell, J., M. Harmelin, and R. Galzin. 1985. Large scale spatial variation in abundance of 

butterflyfishes (Chaetodontidae) on Polynesian reefs. Pages 421–426 Proceedings of the 

5th International Coral Reef Symposium. Tahiti. 

Bellwood, D. R. 1985. The functional morphology, systematics and behavioural ecology of 

parrotfishes (family Scaridae). James Cook University, Australia. 

Bergsma, G. S. 2012. Epibiotic mutualists alter coral susceptibility and response to biotic 

disturbance through cascading trait-mediated indirect interactions. Coral Reefs 31:461–

469. 

Berumen, M. L., M. S. Pratchett, and M. I. McCormick. 2005. Within-reef differences in diet and 

body condition of coral-feeding butterflyfishes (Chaetodontidae). Marine Ecology 

Progress Series 287:217–227. 

Birkeland, C. 1989. The influence of echinoderms on coral-reef communities. Echinoderm 

Studies 3:1–79. 

Birkeland, C. 2019. Chapter 2 - Global status of coral reefs: In combination, disturbances and 

stressors become ratchets. Pages 35–56 in C. Sheppard, editor. World Seas: An 

Environmental Evaluation (Second Edition). Second Edition. Academic Press. 



156 
 

Birkeland, C., and J. S. Lucas. 1990. Acanthaster planci: major management problem of coral 

reefs. 

Bonesso, J. L., W. Leggat, and T. D. Ainsworth. 2017. Exposure to elevated sea-surface 

temperatures below the bleaching threshold impairs coral recovery and regeneration 

following injury. PeerJ 5:e3719. 

Bouchon-Navaro, Y., and C. Bouchon. 1989. Correlations between chaetodontid fishes and coral 

communities of the Gulf of Aqaba (Red Sea). Environmental Biology of Fishes 5:47–60. 

Bruckner, A. W., R. J. Bruckner, and P. Sollins. 2000. Parrotfish predation on live coral: “spot 

biting” and “focused biting.” Coral Reefs 19:50–50. 

Bruckner, A. W., and G. Coward. 2019. Abnormal density of Culcita schmideliana delays 

recovery of a reef system in the Maldives following a catastrophic bleaching event. 

Marine and Freshwater Research 70:292–301. 

Bryson, M., R. Ferrari, W. Figueira, O. Pizarro, J. Madin, S. Williams, and M. Byrne. 2017. 

Characterization of measurement errors using structure‐from‐motion and 

photogrammetry to measure marine habitat structural complexity. Ecology and Evolution 

7:5669–5681. 

Burgess, S. C., E. C. Johnston, A. S. J. Wyatt, J. J. Leichter, and P. J. Edmunds. 2021. Response 

diversity in corals: hidden differences in bleaching mortality among cryptic Pocillopora 

species. Ecology 102:e03324. 

Burkepile, D. E. 2012. Context-dependent corallivory by parrotfishes in a Caribbean reef 

ecosystem. Coral Reefs 31:111–120. 



157 
 

Burn, D., S. Matthews, C. F. Caballes, J. F. Chandler, and M. S. Pratchett. 2020. Biogeographical 

variation in diurnal behaviour of Acanthaster planci versus Acanthaster cf. solaris. PloS 

One 15:e0228796. 

Burns, J. H. R., D. Delparte, R. D. Gates, and M. Takabayashi. 2015. Integrating structure-from-

motion photogrammetry with geospatial software as a novel technique for quantifying 3D 

ecological characteristics of coral reefs. PeerJ 3:e1077. 

Cabaitan, P. C., E. D. Gomez, and P. M. Aliño. 2008. Effects of coral transplantation and giant 

clam restocking on the structure of fish communities on degraded patch reefs. Journal of 

Experimental Marine Biology and Ecology 357:85–98. 

Cameron, C., and P. Edmunds. 2014. Effects of simulated fish predation on small colonies of 

massive Porites spp. and Pocillopora meandrina. Marine Ecology Progress Series 

508:139–148. 

Carlson, B. 1992. The life history and reproductive success of the coral blenny, Exallias brevis 

(Kner, 1868). Ph.D., University of Hawaii, Hawaii. 

Carlson, B. 2012. Feeding activity by the blenny Exallias brevis causes multifocal bleaching in 

corals: Comment on Zvuloni et al. (2011). Marine Ecology Progress Series 463:297–299. 

Charendoff, J. A., C. Couch, T. Oliver, M. Lamirand, C. Amir, I. Basden, D. Torres-Pulliza, M. 

Asbury, M. Winston, and B. Huntington. 2023a. Comparing coral demographic surveys 

from in situ observations and structure-from-motion photogrammetry on high diversity 

reefs shows low methodological bias but highlights persistent areas of concern. NOAA 

technical memorandum, United States. 



158 
 

Charendoff, J. A., C. B. Edwards, N. E. Pedersen, V. Petrovic, B. Zgliczynski, S. A. Sandin, and 

J. E. Smith. 2023b. Variability in composition of parrotfish bite scars across space and 

over time on a central Pacific atoll. Coral Reefs 42:905–918. 

Clark, A. M., and F. W. E. Rowe. 1971. Monograph of shallow-water Indo-West Pacific 

echinoderms. Trustees of the British Museum (Natural History)., London. 

Coker, D. J., S. K. Wilson, and M. S. Pratchett. 2014. Importance of live coral habitat for reef 

fishes. Reviews in Fish Biology and Fisheries 24:89–126. 

Cole, A. J., M. S. Pratchett, and G. P. Jones. 2008. Diversity and functional importance of coral-

feeding fishes on tropical coral reefs. Fish and Fisheries 9:286–307. 

Couch, C. S., T. A. Oliver, R. Suka, M. Lamirand, M. Asbury, C. Amir, B. Vargas-Ángel, M. 

Winston, B. Huntington, and F. Lichowski. 2021. Comparing coral colony surveys from 

in-water observations and structure-from-motion imagery shows low methodological 

bias. Frontiers in Marine Science 8:647943. 

Counsell, C. W. W., M. J. Donahue, K. F. Edwards, E. C. Franklin, and M. A. Hixon. 2018. 

Variation in coral-associated cryptofaunal communities across spatial scales and 

environmental gradients. Coral Reefs 37:827–840. 

Counsell, C. W. W., E. C. Johnston, and T. L. Sale. 2019. Colony size and depth affect wound 

repair in a branching coral. Marine Biology 166:148. 

Cox, E. F. 1986. The effects of a selective corallivore on growth rates and competition for space 

between two species of Hawaiian corals. Journal of Experimental Marine Biology and 

Ecology 101:161–174. 



159 
 

De’ath, G., K. E. Fabricius, H. Sweatman, and M. Puotinen. 2012. The 27–year decline of coral 

cover on the Great Barrier Reef and its causes. Proceedings of the National Academy of 

Sciences 109:17995–17999. 

De’ath, G., and P. J. Moran. 1998. Factors affecting the behaviour of crown-of-thorns starfish 

(Acanthaster planci L.) on the Great Barrier Reef: 2: Patterns of activity. Journal of 

Experimental Marine Biology and Ecology 220:83–106. 

DeVantier, L. M., R. E. Reichelt, and R. Bradbury. 1986. Does Spirobranchus giganteus protect 

host Porites from predation by Acanthaster planci: predator pressure as a mechanism of 

coevolution. Marine Ecology Progress Series 32:307–310. 

DiSalvo, L. H., J. E. Randall, and A. Cea. 2007. Stomach contents and feeding observations of 

some Easter Island fishes. Atoll Research Bulletin 548:1–22. 

Domart-Coulon, I. J., N. Traylor-Knowles, E. Peters, D. Elbert, C. A. Downs, K. Price, J. Stubbs, 

S. McLaughlin, E. Cox, G. Aeby, P. R. Brown, and G. K. Ostrander. 2006. 

Comprehensive characterization of skeletal tissue growth anomalies of the finger coral 

Porites compressa. Coral Reefs 25:531–543. 

Donovan, M. K., D. E. Burkepile, C. Kratochwill, T. Shlesinger, S. Sully, T. A. Oliver, G. 

Hodgson, J. Freiwald, and R. van Woesik. 2021. Local conditions magnify coral loss after 

marine heatwaves. Science 372:977–980. 

Eddy, T. D., V. W. Y. Lam, G. Reygondeau, A. M. Cisneros-Montemayor, K. Greer, M. L. D. 

Palomares, J. F. Bruno, Y. Ota, and W. W. L. Cheung. 2021. Global decline in capacity of 

coral reefs to provide ecosystem services. One Earth 4:1278–1285. 



160 
 

Edmunds, P. J. 2008. The effects of temperature on the growth of juvenile scleractinian corals. 

Marine biology 154:153–162. 

Edwards, A. J., and E. D. Gomez. 2007. Reef restoration concepts & guidelines: Making sensible 

management choices in the face of uncertainty. Coral Reef Targeted Research & Capacity 

Building for Management Programme, Newcastle University, St. Lucia, Australia. 

Emlen, J. M. 1966. The role of time and energy in food preference. The American Naturalist 

100:611–617. 

Erftemeijer, P. L. A., B. Riegl, B. W. Hoeksema, and P. A. Todd. 2012. Environmental impacts of 

dredging and other sediment disturbances on corals: A review. Marine Pollution Bulletin 

64:1737–1765. 

Escontrela Dieguez, D., R. Lee, T. Kindinger, C. S. Couch, and J. Charendoff. 2023. Quantifying 

corallivory from structure-from-motion models. NOAA technical memorandum, Pacific 

Islands Fisheries Science Center (U.S.)., United States. 

Ferrari, R., W. F. Figueira, M. S. Pratchett, T. Boube, A. Adam, T. Kobelkowsky-Vidrio, S. S. 

Doo, T. B. Atwood, and M. Byrne. 2017. 3D photogrammetry quantifies growth and 

external erosion of individual coral colonies and skeletons. Scientific Reports 7:16737. 

Glynn, P. W. 1976. Some physical and biological determinants of coral community structure in 

the Eastern Pacific. Ecological Monographs 46:431–456. 

Glynn, P. W., and D. A. Krupp. 1986. Feeding biology of a Hawaiian sea star corallivore, Culcita 

novaeguineae Muller & Troschel. Journal of Experimental Marine Biology and Ecology 

96:75–96. 



161 
 

Gochfeld, D. J. 2004. Predation-induced morphological and behavioral defenses in a hard coral: 

implications for foraging behavior of coral-feeding butterflyfishes. Marine Ecology 

Progress Series 267:145–158. 

Goreau, T. F., J. C. Lang, E. A. Graham, and P. D. Goreau. 1972. Structure and ecology of the 

Saipan reefs in relation to predation by Acanthaster planci (Linnaeus). Bulletin of Marine 

Science 22:113–152. 

Greene, A., Z. Forsman, R. J. Toonen, and M. J. Donahue. 2020. CoralCam: a flexible, low-cost 

ecological monitoring platform. HardwareX 7:e00089. 

Grosenbaugh, D. A. 1981. Qualitative assessment of asteroids, echinoids and holothurians in Yap 

Lagoon. Atoll Research Bulletin 225:49–54. 

Guzman, H. M., and D. R. Robertson. 1989. Population and feeding responses of the 

corallivorous pufferfish Arothron meleagris to coral mortality in the eastern Pacific. 

Marine Ecology Progress Series 55:121–131. 

Hall, M. R., C. A. Motti, and F. J. Kroon. 2017. The potential role of the giant triton snail, 

Charonia tritonis (Gastropoda: Ranellidae) in mitigating populations of the crown-of-

thorns starfish. 

Hall, V. R. 1997. Interspecific differences in the regeneration of artificial injuries on scleractinian 

corals. Journal of Experimental Marine Biology and Ecology 212:9–23. 

Hawkins, S. V. 2006. Feeding preference of the cushion star, Culcita novaeguineae in Mo’orea. 

UCB Moorea Class: Biology and Geomorphology of Tropical Islands, UC Berkeley. 

Hein, M. Y., R. Beeden, A. Birtles, N. M. Gardiner, T. Le Berre, J. Levy, N. Marshall, C. M. 

Scott, L. Terry, and B. L. Willis. 2020. Coral restoration effectiveness: multiregional 



162 
 

snapshots of the long-term responses of coral assemblages to restoration. Diversity 12:1–

22. 

Henry, L.-A., and M. Hart. 2005. Regeneration from injury and resource allocation in sponges 

and corals – a review. International Review of Hydrobiology 90:125–158. 

Hixon, M. A., and W. N. Brostoff. 1996. Succession and herbivory: effects of differential fish 

grazing on Hawaiian coral-reef algae. Ecological Monographs 66:67–90. 

Hoegh-Guldberg, O., and J. F. Bruno. 2010. The impact of climate change on the world’s marine 

ecosystems. Science 328:1523–1528. 

Hoey, A. S., and D. R. Bellwood. 2008. Cross-shelf variation in the role of parrotfishes on the 

Great Barrier Reef. Coral Reefs 27:37–47. 

House, J. E., V. Brambilla, L. M. Bidaut, A. P. Christie, O. Pizarro, J. S. Madin, and M. Dornelas. 

2018. Moving to 3D: relationships between coral planar area, surface area and volume. 

PeerJ 6:e4280. 

Howard, K. G., J. T. Claisse, T. B. Clark, K. Boyle, and J. D. Parrish. 2013. Home range and 

movement patterns of the Redlip Parrotfish (Scarus rubroviolaceus) in Hawaii. Marine 

Biology 160:1583–1595. 

Hughes, T. P., J. T. Kerry, A. H. Baird, S. R. Connolly, A. Dietzel, C. M. Eakin, S. F. Heron, A. S. 

Hoey, M. O. Hoogenboom, G. Liu, M. J. McWilliam, R. J. Pears, M. S. Pratchett, W. J. 

Skirving, J. S. Stella, and G. Torda. 2018. Global warming transforms coral reef 

assemblages. Nature 556:492–496. 

James, D. B. 2004. Echinoderms of the Maldives. Records of the Zoological Survey of India 

102:121–125. 



163 
 

Jayewardene, D., and C. Birkeland. 2006. Fish predation on Hawaiian corals. Coral Reefs 

25:328–328. 

Jayewardene, D., M. J. Donahue, and C. Birkeland. 2009. Effects of frequent fish predation on 

corals in Hawaii. Coral Reefs 28:499–506. 

Jones, C. G., J. H. Lawton, and M. Shachak. 1994. Organisms as ecosystem engineers. Oikos 

69:373–386. 

Kayal, M., J. Vercelloni, T. Lison de Loma, P. Bosserelle, Y. Chancerelle, S. Geoffroy, C. 

Stievenart, F. Michonneau, L. Penin, and S. Planes. 2012. Predator crown-of-thorns 

starfish (Acanthaster planci) outbreak, mass mortality of corals, and cascading effects on 

reef fish and benthic communities. PLoS ONE 7:e47363. 

Keesing, J. 1990. Feeding biology of the crown-of-thorns starfish, Acanthaster planci 

(Linnaeus). Doctoral dissertation, James Cook University, Australia. 

Kennedy, E. V., C. T. Perry, P. R. Halloran, R. Iglesias-Prieto, C. H. L. Schönberg, M. Wisshak, 

A. U. Form, J. P. Carricart-Ganivet, M. Fine, C. M. Eakin, and P. J. Mumby. 2013. 

Avoiding coral reef functional collapse requires local and global action. Current Biology 

23:912–918. 

Khalaf, M., and M. P. Crosby. 2005. Assemblage structure of butterflyfishes and their use as 

indicators of Gulf of Aqaba benthic habitat in Jordan. Aquatic Conservation: Marine and 

Freshwater Ecosystems 15:S27–S43. 

Knoester, E. G., N. Klerks, S. B. Vroege-Kolkman, A. J. Murk, S. O. Sande, and R. Osinga. 

2023a. Coral predation and implications for restoration of Kenyan reefs: The effects of 



164 
 

site selection, coral species and fisheries management. Journal of Experimental Marine 

Biology and Ecology 566:151924. 

Knoester, EG., JJ. Rienstra, QJF. Schürmann, AE. Wolma, AJ. Murk, and R. Osinga. 2023b. 

Community-managed coral reef restoration in southern Kenya initiates reef recovery 

using various artificial reef designs. Frontiers in Marine Science 10:1–18. 

Knowlton, N., R. E. Brainard, R. Fisher, M. Moews, L. Plaisance, and M. J. Caley. 2010. Coral 

Reef Biodiversity. Pages 65–78 Life in the World’s Oceans: Diversity, Abundance and 

Distribution. Wiley-Blackwell Pub. 

Kopecky, K. L., D. T. Cook, R. J. Schmitt, and A. C. Stier. 2021. Effects of corallivory and coral 

colony density on coral growth and survival. Coral Reefs 40:283–288. 

Kornder, N. A., J. Cappelletto, B. Mueller, M. J. L. Zalm, S. J. Martinez, M. J. A. Vermeij, J. 

Huisman, and J. M. de Goeij. 2021. Implications of 2D versus 3D surveys to measure the 

abundance and composition of benthic coral reef communities. Coral Reefs 40:1137–

1153. 

Koval, G., N. Rivas, M. D’Alessandro, D. Hesley, R. Santos, and D. Lirman. 2020. Fish 

predation hinders the success of coral restoration efforts using fragmented massive corals. 

PeerJ 8:e9978. 

Kuffner, I. B., P. L. Jokiel, K. S. Rodgers, A. J. Andersson, and F. T. Mackenzie. 2012. An 

apparent “vital effect” of calcification rate on the Sr/Ca temperature proxy in the reef 

coral Montipora capitata. Geochemistry, Geophysics, Geosystems 13:1–10. 

Ladd, M. C., and A. A. Shantz. 2020. Trophic interactions in coral reef restoration: A review. 

Food Webs 24:e00149. 



165 
 

Lange, I. D., and C. T. Perry. 2020. A quick, easy and non-invasive method to quantify coral 

growth rates using photogrammetry and 3D model comparisons. Methods in Ecology and 

Evolution 11:714–726. 

Lenihan, H., and P. Edmunds. 2010. Response of Pocillopora verrucosa  to corallivory varies 

with environmental conditions. Marine Ecology Progress Series 409:51–63. 

Lenth, R. V. 2016. Least-squares means: the R package lsmeans. Journal of Statistical Software 

69:1–33. 

Littler, M. M., P. R. Taylor, and D. S. Littler. 1989. Complex interactions in the control of coral 

zonation on a Caribbean reef flat. Oecologia 80:331–340. 

Loya, Y., K. Sakai, K. Yamazato, Y. Nakano, H. Sambali, and R. van Woesik. 2001. Coral 

bleaching: the winners and the losers. Ecology Letters 4:122–131. 

Mbije, N. E., E. Spanier, and B. Rinkevich. 2013. A first endeavour in restoring denuded, post-

bleached reefs in Tanzania. Estuarine, Coastal and Shelf Science 128:41–51. 

McClanahan, T. R. 1994. Coral-eating snail Drupella cornus population increases in Kenyan 

coral reef lagoons. Marine Ecology Progress Series 115:131–137. 

McClanahan, T. R., J. Maina, C. J. Starger, P. Herron-Perez, and E. Dusek. 2005. Detriments to 

post-bleaching recovery of corals. Coral Reefs 24:230–246. 

McKeon, C. S., and J. M. Moore. 2014. Species and size diversity in protective services offered 

by coral guard-crabs. PeerJ 2:e574. 

Mckeon, S., A. Stier, S. Mcilroy, and B. Bolker. 2012. Multiple defender effects: synergistic 

coral defense by mutualist crustaceans. Oecologia 169:1095–103. 



166 
 

Miller, K. 1994. Morphological variation in the coral genus Platygyra - Environmental 

influences and taxonomic implications. Marine Ecology Progress Series 110:19–28. 

Miller, M. W., and M. E. Hay. 1998. Effects of fish predation and seaweed competition on the 

survival and growth of corals. Oecologia 113:231–238. 

Moberg, F., and C. Folke. 1999. Ecological goods and services of coral reef ecosystems. 

Ecological Economics 29:215–233. 

Montalbetti, E., L. Fallati, M. Casartelli, D. Maggioni, S. Montano, P. Galli, and D. Seveso. 

2022. Reef complexity influences distribution and habitat choice of the corallivorous 

seastar Culcita schmideliana in the Maldives. Coral Reefs 41:253–264. 

Montalbetti, E., L. Saponari, S. Montano, D. Maggioni, I. Dehnert, P. Galli, and D. Seveso. 

2019a. New insights into the ecology and corallivory of Culcita sp. (Echinodermata: 

Asteroidea) in the Republic of Maldives. Hydrobiologia 827:353–365. 

Montalbetti, E., L. Saponari, S. Montano, and D. Seveso. 2019b. Another diner sits at the 

banquet: evidence of a possible population outbreak of Culcita sp.(Agassiz, 1836) in 

Maldives. Galaxea, Journal of Coral Reef Studies 21:5–6. 

Moore, R. J., and C. J. Huxley. 1976. Aversive behaviour of crown-of-thorns starfish to coral 

evoked by food-related chemicals. Nature 263:407–409. 

Morrison, C. 2008. Defense of Pocilloporid corals by Trapezia sereni and Trapezia bidentata 

(Mo’orea, French Polynesia). UCB Moorea Class Thesis, Biology and Geomorphology 

of Tropical Islands, UC Berkeley. 

Mumby, P. J., R. S. Steneck, M. Adjeroud, and S. N. Arnold. 2016. High resilience masks 

underlying sensitivity to algal phase shifts of Pacific coral reefs. Oikos 125:644–655. 



167 
 

National Ocean Service. 2018. Coral reef condition: A status report for the Hawaiian 

Archipelago. United States. 

Naumann, M. S., W. Niggl, C. Laforsch, C. Glaser, and C. Wild. 2009. Coral surface area 

quantification–evaluation of established techniques by comparison with computer 

tomography. Coral Reefs 28:109–117. 

Nicolet, K. J., K. M. Chong-Seng, M. S. Pratchett, B. L. Willis, and M. O. Hoogenboom. 2018. 

Predation scars may influence host susceptibility to pathogens: evaluating the role of 

corallivores as vectors of coral disease. Scientific Reports 8:5258. 

Ong, L., and K. N. Holland. 2010. Bioerosion of coral reefs by two Hawaiian parrotfishes: 

species, size differences and fishery implications. Marine Biology 157:1313–1323. 

Palacios, M. M., C. G. Muñoz, and F. A. Zapata. 2014. Fish corallivory on a pocilloporid reef 

and experimental coral responses to predation. Coral Reefs 33:625–636. 

Penin, L., F. Michonneau, A. Baird, S. Connolly, M. Pratchett, M. Kayal, and M. Adjeroud. 2010. 

Early post-settlement mortality and the structure of coral assemblages. Marine Ecology 

Progress Series 408:55–64. 

Possingham, H. P., M. Bode, and C. J. Klein. 2015. Optimal conservation outcomes require both 

restoration and protection. PLoS ONE Biology 13:e1002052. 

Powers, D. A., and F. J. Rohlf. 1972. A numerical taxonomic study of Caribbean and Hawaiian 

reef corals. Systematic Biology 21:53–64. 

Pratchett, M. S. 2005. Dietary overlap among coral-feeding butterflyfishes (Chaetodontidae) at 

Lizard Island, northern Great Barrier Reef. Marine Biology 148:373–382. 



168 
 

Pratchett, M. S. 2007. Feeding Preferences of Acanthaster planci (Echinodermata: Asteroidea) 

under Controlled Conditions of Food Availability. Pacific Science 61:113–120. 

Pratchett, M. S. 2010. Changes in coral assemblages during an outbreak of Acanthaster planci at 

Lizard Island, northern Great Barrier Reef (1995–1999). Coral Reefs 29:717–725. 

Pratchett, M. S., P. L. Munday, S. K. Wilson, N. A. Graham, J. E. Cinner, D. R. Bellwood, G. P. 

Jones, N. V. Polunin, and T. R. McClanahan. 2008. Effects of climate-induced coral 

bleaching on coral-reef fishes—ecological and economic consequences. Pages 257–302 

Oceanography and marine biology. CRC Press. 

Pratchett, M. S., M. Trapon, M. L. Berumen, and K. Chong-Seng. 2011. Recent disturbances 

augment community shifts in coral assemblages in Moorea, French Polynesia. Coral reefs 

30:183–193. 

Quinn, N. J., and B. L. Kojis. 2003. The dynamics of coral reef community structure and 

recruitment patterns around Rota, Saipan, and Tinian, Western Pacific. Bulletin of Marine 

Science 72:979–996. 

R Core Team. 2023. R: a language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

Randall, J. E. 2010. Shore fishes of Hawaii: revised edition. University of Hawaii Press. 

Remmers, T., A. Grech, C. Roelfsema, S. Gordon, M. Lechene, and R. Ferrari. 2024. Close-range 

underwater photogrammetry for coral reef ecology: a systematic literature review. Coral 

Reefs 43:35–52. 



169 
 

Rempel, H. S., K. N. Bodwin, and B. I. Ruttenberg. 2020. Impacts of parrotfish predation on a 

major reef-building coral: quantifying healing rates and thresholds of coral recovery. 

Coral Reefs 39:1441–1452. 

Renegar, D.-E. A., P. Blackwelder, and A. L. Moulding. 2008. Coral ultrastructural response to 

elevated pCO2 and nutrients during tissue repair and regeneration. Pages 1314–1318. 

Fort Lauderdale, Fl. 

Renzi, J. J., E. C. Shaver, D. E. Burkepile, and B. R. Silliman. 2022. The role of predators in 

coral disease dynamics. Coral Reefs 41:405–422. 

Rice, M. M., L. Ezzat, and D. E. Burkepile. 2019. Corallivory in the anthropocene: interactive 

effects of anthropogenic stressors and corallivory on coral reefs. Frontiers in Marine 

Science 5:1–14. 

Rice, M. M., R. L. Maher, A. M. S. Correa, H. V. Moeller, N. P. Lemoine, A. A. Shantz, D. E. 

Burkepile, and N. J. Silbiger. 2020. Macroborer presence on corals increases with 

nutrient input and promotes parrotfish bioerosion. Coral Reefs 39:409–418. 

Riegl, B., A. Bruckner, S. L. Coles, P. Renaud, and R. E. Dodge. 2009. Coral reefs: threats and 

conservation in an era of global change. Ann. NY Acad. Sci 1162:136–186. 

Rivas, N., D. Hesley, M. Kaufman, J. Unsworth, M. D’Alessandro, and D. Lirman. 2021. 

Developing best practices for the restoration of massive corals and the mitigation of 

predation impacts: influences of physical protection, colony size, and genotype on 

outplant mortality. Coral Reefs 40:1227–1241. 

Roberts, C. M. 1995. Effects of fishing on the ecosystem structure of coral reefs. Conservation 

biology 9:988–995. 



170 
 

Roff, G., M. H. Ledlie, J. C. Ortiz, and P. J. Mumby. 2011. Spatial patterns of parrotfish 

corallivory in the Caribbean: the importance of coral taxa, density and size. PLoS ONE 

6:e29133. 

Rotjan, R. D. 2007. The patterns, causes, and consequences of parrotfish corallivory in Belize. 

Ph.D., Tufts University, United States -- Massachusetts. 

Rotjan, R. D., and S. M. Lewis. 2005. Selective predation by parrotfishes on the reef coral 

Porites astreoides. Marine Ecology Progress Series 305:193–201. 

Rotjan, R. D., and S. M. Lewis. 2006. Parrotfish abundance and selective corallivory on a 

Belizean coral reef. Journal of Experimental Marine Biology and Ecology 335:292–301. 

Rotjan, R. D., and S. M. Lewis. 2008. Impact of coral predators on tropical reefs. Marine 

Ecology Progress Series 367:73–91. 

Rouzé, H., G. Lecellier, S. Mills, S. Planes, V. Berteaux-Lecellier, and H. Stewart. 2014. Juvenile 

Trapezia spp. crabs can increase juvenile host coral survival by protection from 

predation. Marine Ecology Progress Series 515:151–159. 

Shaver, E. C., A. A. Shantz, R. McMinds, D. E. Burkepile, R. L. Vega Thurber, and B. R. 

Silliman. 2017. Effects of predation and nutrient enrichment on the success and 

microbiome of a foundational coral. Ecology 98:830–839. 

Sih, A., and B. Christensen. 2001. Optimal diet theory: when does it work, and when and why 

does it fail? Animal Behaviour 61:379–390. 

Smith, K. M., D. M. Pharo, C. P. Shea, B. A. Reckenbeil, K. E. Maxwell, and C. Sharp. 2021. 

Recovery from finfish predation on newly outplanted boulder coral colonies on three 

reefs in the Florida Keys. Bulletin of Marine Science 97:337–350. 



171 
 

Spalding, M., L. Burke, S. A. Wood, J. Ashpole, J. Hutchison, and P. Zu Ermgassen. 2017. 

Mapping the global value and distribution of coral reef tourism. Marine Policy 82:104–

113. 

Stella, J. S., G. P. Jones, and M. S. Pratchett. 2010. Variation in the structure of epifaunal 

invertebrate assemblages among coral hosts. Coral Reefs 29:957–973. 

Stephens, D. W., and J. R. Krebs. 1986. Foraging theory. Princeton university press. 

Stewart, H., N. Price, S. Holbrook, R. Schmitt, and A. Brooks. 2013. Determinants of the onset 

and strength of mutualistic interactions between branching corals and associate crabs. 

Marine Ecology Progress Series 493:155–163. 

Suka, R., M. Asbury, A. E. Gray, M. Winston, T. Oliver, and C. S. Couch. 2019. Processing 

photomosaic imagery of coral reefs using structure-from-motion standard operating 

procedures. NOAA technical memorandum, Pacific Islands Fisheries Science Center 

(U.S.), United States. 

Sutherland, K. P., J. W. Porter, J. W. Turner, B. J. Thomas, E. E. Looney, T. P. Luna, M. K. 

Meyers, J. C. Futch, and E. K. Lipp. 2010. Human sewage identified as likely source of 

white pox disease of the threatened Caribbean elkhorn coral, Acropora palmata. 

Environmental microbiology 12:1122–1131. 

Sweeney, B. M. 1976. Circadian rhythms in corals, particularly Fungiidae. The Biological 

Bulletin 151:236–246. 

Thomassin, B. A. 1976. Feeding behaviour of the felt-, sponge-, and coral-feeder sea stars, 

mainly Culcita schmideliana. Helgoländer Wissenschaftliche Meeresuntersuchungen 

28:51–65. 



172 
 

Tricas, T. C. 1989. Prey selection by coral-feeding butterflyfishes: strategies to maximize the 

profit. Environmental Biology of Fishes 25:171–185. 

Van Hooidonk, R., J. Maynard, J. Tamelander, J. Gove, G. Ahmadia, L. Raymundo, G. Williams, 

S. F. Heron, and S. Planes. 2016. Local-scale projections of coral reef futures and 

implications of the Paris Agreement. Scientific reports 6:39666. 

Wellington, G. M. 1982. Depth zonation of corals in the Gulf of Panama: control and facilitation 

by resident reef fishes. Ecological Monographs 52:223–241. 

Winston, M., C. Couch, B. Huntington, and B. Vargas-Ángel. 2020. Ecosystem sciences division 

standard operating procedures: data collection for rapid ecological assessment benthic 

surveys, 2019 Update. NOAA technical memorandum, United States. 

Wood, L. 1968. Physiological and ecological aspects of prey selection by the marine gastropod 

Urosalpinx cinerea (Prosobranchia: Muricidae). Malacologia 6:267–320. 

Yokley, A. G. 2016. The thermal range of the cushion sea star, Culcita novaeguineae, distribution 

and its behavioral response to warmer waters. PeerJ Preprints. 

Yost, D. M., L.-H. Wang, T.-Y. Fan, C.-S. Chen, R. W. Lee, E. Sogin, and R. D. Gates. 2013. 

Diversity in skeletal architecture influences biological heterogeneity and Symbiodinium 

habitat in corals. Zoology 116:262–269. 

Zekeria, Z., and J. Videler. 2000. Correlation between the abundance of butterflyfishes and coral 

communities in the Southern Red Sea. Pages 23–27 Proceedings 9th International Coral 

Reef Symposium. Indonesia. 

 


