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ABSTRACT OF THE DISSERTATION 

IMPACT OF HERBIVORY, STRUCTURAL COMPLEXITY, AND SEDIMENT ON 

CARIBBEAN CORAL REEFS 

by 

Alain Duran 

Florida International University, 2018 

Miami, Florida 

Professor Ligia Collado-Vides, Co-Major Professor 

Professor Deron E. Burkepile, Co-Major Professor 

The resilience of coral reefs depends, among others, upon local physical and 

biological characteristics. This dissertation focused on how herbivory, structural 

complexity, and sedimentation can impact the structure, function, and, ultimately, 

resilience of Caribbean coral reefs. We filled an important knowledge gap related to 

trophic niche and ecological roles of surgeonfishes (A. coeruleus and A. tractus), two of 

the most important herbivorous fishes in the Caribbean. We showed that both species 

feed primarily on turf algae preventing further progression of algal succession while A. 

tractus may also help reduce macroalgal abundance by targeting common macroalgal 

species such as Dictyota spp. We used a factorial experiment to analyze the interactive 

effects of herbivory (exclosure vs. open plots) and reef structural complexity (vertical vs. 

horizontal substrate orientation), on the development of benthic communities. We found 

that vertical substrates were quickly dominated by crustose algae regardless of herbivory 

treatment while succession of horizontal substrates was determined by herbivory. Our 

results suggest that at small scale, reef complexity is a major factor determining algal 
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community structure. We investigated why, despite high levels of herbivory, coral cover 

in South Florida has failed to recover. We surveyed benthic composition, grazing and 

abiotic characteristics along six spur and groove reefs in the Florida Keys. Using boosted 

regression tree analyses, we found that sediment abundance was the best predictor of both 

juvenile and adult corals, which could explain the failure of coral recovery. We studied 

spatial and temporal changes of reef communities of reefs in Havana, Cuba where global 

and local stressors have affected coral communities while overfishing and nutrient 

enrichment has led to low herbivory levels. Our surveys revealed a region-wide high 

abundance of algae (~60%) as a consequence of heavy overfishing with likely negative 

consequences on coral recovery. In summary, my dissertation showed context-depend 

effects of herbivory, structural complexity, and sediment on Caribbean coral reefs. While 

reduction of herbivory can often suppress coral recovery, on coral reefs with robust 

herbivore populations, physical factors such as structural complexity and sediment may 

still limit coral recovery and fundamentally impact reef resilience. 
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Structure and dynamics of terrestrial and marine communities depend upon 

multiple factors and processes acting at multiple scales (Connell 1978, Levin 1992, 

Schneider 2001). For example, herbivory, water availability, seasonality, and fire 

frequency shape plant communities of terrestrial grazing ecosystems such as African 

savannas and North American grasslands (Douglas et al. 1998, Asner et al. 2009, 

Burkepile et al. 2013). Similarly, benthic communities of coral reefs, are controlled by 

herbivory (Carpenter 1986, Burkepile and Hay 2008), nutrient availability (Walsh 2011, 

Zaneveld et al. 2016), sedimentation (Rogers 1990, Goatley and Bellwood 2013) and 

structural complexity (Gratwicke and Speight 2005, Graham 2014, Brandl et al. 2016) 

that simultaneously can have a positive, negative or uncertain output on their structure 

(Harborne et al. 2016). The core of my dissertation is to elucidate how different levels of 

herbivory, structural complexity and sediment loading can influence benthic community 

dynamics on Caribbean coral reefs.  

Foraging activity of herbivorous fishes strongly influences the dynamics of coral 

reef benthic communities (Lewis 1986, Smith et al. 2001, Walsh 2011). Field 

experiments excluding herbivores on coral reefs have resulted in a substantial increase of 

both biomass and density of some macroalgae species and consequently, changes in 

species composition at the community level (Lewis 1986, Miller et al. 1999, Burkepile 

and Hay 2009). In the Caribbean, herbivorous fishes such as parrotfishes (subfamily 

Scarinae) exhibit species-specific trophic niches that result in distinct ecological roles as 

controllers of algal communities (Adam et al. 2015 a, b). However, the trophic niches of 

surgeonfishes (family Acanthuridae), the second most important group of Caribbean 

herbivorous fishes, has been less studied which limits our understanding of the overall 
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ecological role of the guild of herbivorous fishes. The few studies addressing diet of 

surgeonfishes in the Caribbean (Randall 1967, Tilghman et al. 2001, Dromard et al. 

2012) have showed inconsistencies in the diets of individual species, likely dependent on 

the methods used. Further, none of these works have taken into account possible 

intraspecific variation as a consequence of ontogenetic diet shift and food availability. 

Chapter II "Comparative analysis of resource-use by Caribbean surgeonfishes reveals 

distinct trophic niches" comprises a series of field observations to answer the following 

question: How does the trophic niche of Caribbean surgeonfishes vary within species, 

among species and in relation to reef composition? Our information helps complete our 

understanding of the whole range of trophic niches used by Caribbean herbivorous fishes 

and their impact on macroalgal communities.  

The structural complexity of a coral reef, the physical structure constructed by 

reef-building organisms, provides multiple services to reef dwelling organisms that 

include shelter, food, and settlement substrates which explains its positive relationship 

with the diversity of reef organisms (Roberts and Ormond 1987, Idjadi and Edmunds 

2006, Graham 2014). Structural complexity often depends on the spatial scale being 

considered including across reefs (km), within reef habitats (m) and at small scales (cm). 

The different levels of complexity likely have different influence in reef organisms 

depending upon their size and ecological dependency on reef structures (Dahl 1973). 

While recruitment of small territorial fish such as damselfish (family Pomacentridae) are 

positively associated with structural complexity at small scales (Sale et al. 1994), 

abundance, feeding activity and community of large fish species (e.g., grunts and 

parrotfish) are influenced by complexity at large scales (e.g., reef-wide complexity) 
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(Harbone et al. 2011, Catano et al. 2015, Newman et al. 2015).  For example, abundance, 

grazing and feeding preferences of herbivorous fishes have been linked to reef structural 

complexity with species-specific variation apparently related to size and territory 

preferences (Choat and Bellwood, 1985, Gratwicke and Speight 2005, Verges et al. 

2011). Surprisingly, less effort has been allocated to understanding the relationship 

between structural complexity and dynamics of benthic communities, particularly 

macroalgae (Graham and Nash 2013). In chapter III, we developed a field experiment to 

test the influence of small-scale structural complexity (depending on the vertical or 

horizontal orientation of the substrate) and herbivory on succession of algal communities. 

We predicted that substrate orientation at a small scale has stronger impact that herbivory 

on driving macroalgal communities. The information will further elucidate small scale 

factors affecting the recovery or loss of coral reefs. 

By controlling macroalgae, herbivores play a fundamental role on coral reefs, 

freeing space for corals to settle and grow which enhances ecosystem resilience (Hughes 

et al. 2007). Thus, protecting herbivorous fishes has been one of the main conservation 

strategies used to facilitate resilience (Bellwood et al. 2004). However, despite years of 

effective protection of herbivorous fishes, coral reefs in the Florida Keys have failed to 

regain coral cover (Toth et al. 2014, van Woesik et al. 2014). In chapter IV "Sediment 

loading impedes recovery of coral reefs despite herbivore protection: The case of the 

Florida Keys" we performed an integrative analysis of herbivory, benthic composition 

and abiotic factors (e.g., habitat complexity and sediment) to investigate the potential 

factors compromising coral recovery of the Florida Keys reefs. We studied community 

structure across six spur and groove reefs, with distinct reef structural complexity, located 
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in the upper section of the Florida Keys reef tract. We used data collected on herbivory, 

benthic community composition and physical variables (e.g., substrate slope, rugosity, 

sediment depth) to evaluate their role on the presence of juvenile and adult corals. The 

discoveries in this chapter provide new explanations to why coral cover in Florida Keys 

reefs remains low, which can have a direct practical application in conservation efforts 

(e.g., restoration and protective regulations) for the coral reefs Caribbean-wide. 

Chapter V "Fishing, pollution, climate change, and the long-term decline of coral 

reefs off Havana, Cuba" was to our knowledge, the first integrative study of coral reefs 

conducted in Cuba and gives a geographic comparative site to test some of the general 

questions of my dissertation. We completed a series of field observations that included 

surveys of fish, benthic communities, and structural complexity as well as a compilation 

of historical data that allowed us to analyze past and present status of coral reefs around 

Havana. We analyzed temporal data of coral and algal abundance within their historical 

context (e.g., bleaching events, hurricane, fishing pressure) to elucidate the potential 

impacts of local and global stressors. 

My dissertation was focused on how herbivory, habitat complexity, and 

sedimentation can shape the structure of coral reefs. We first completed our 

understanding of herbivore trophic niche, followed by experimentally examining the 

impact of herbivory and structural complexity at small scales. Later we looked at the role 

of both biotic and abiotic factors impacting juvenile and adult coral abundance across the 

reefs of South Florida. Finally, we were able to analyze current and historical factors 

impacting the ecology of a series of Cuban coral reefs where overfishing has led to low 

herbivory levels. Taken together, I demonstrated that herbivory is a context-dependent 
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force driving the community composition of coral reefs, often modified by species-

specific traits, reef structural complexity, and abiotic forcing. 
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ABSTRACT  

Feeding behavior of coral reef fishes often determines their species-specific 

ecological role. However, the diet choices of herbivorous fishes often vary depending on 

the foods available. We studied the two most common surgeonfishes (Acanthurus 

coeruleus and Acanthurus tractus) in the Caribbean to examine their species-specific 

feeding rates and diet preferences and how they differed with environmental context. We 

surveyed grazing activity and diet choice of both surgeonfishes at four spur and groove 

reefs in the Florida Keys, USA, that varied in fish abundance, rugosity, algal community 

composition, and sediment loading. Overall, A. tractus fed twice as fast as A. coeruleus. 

Both species selected for turf algae but avoided feeding on turf algae once they became 

laden with sediment. Selectivity for upright macroalgae was more complex with A. 

tractus targeting Dictyota spp. while A. coeruleus avoided Dictyota spp. relative to the 

alga’s abundance. Both species selected for epiphytes growing on other organisms such 

as macroalgae, invertebrates, and crustose coralline algae. Some feeding preferences 

changed with fish size, as larger individuals of both species fed more frequently on 

sediment-laden algal turf and less frequently on Dictyota spp. compared to smaller sized 

individuals. Acanthurus tractus also increased its consumption of upright calcareous 

algae at larger sizes. Overall, the disparity in diet composition of surgeonfishes likely 

indicates subtle differences in species-specific ecological roles. Both A. coeruleus and A. 

tractus likely prevent turf algae from becoming large filaments and thus retard the 

succession of algal communities to later stages. Additionally, A. tractus may also help 

reduce macroalgal abundance by targeting common macroalgal species.  
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INTRODUCTION  

Herbivores can remove as much as 90% of the daily primary production on coral 

reefs, exerting significant control over algal communities (Carpenter 1986, Klumpp and 

Polunin 1989, Burkepile and Hay 2006). By controlling algae, herbivores indirectly 

regulate coral-algal competition (Lirman 2001, Jompa and McCook 2002, Burkepile and 

Hay 2009), often facilitating the recovery of corals after disturbances (Adam et al. 2011, 

Graham et al. 2015, Holbrook et al. 2016). In the Caribbean, parrotfishes (family 

Labridae, subfamily Scarinae after Westneat and Alfaro 2005) and surgeonfishes (Family 

Acanthuridae) are the most important herbivorous fishes structuring algal communities 

on coral reefs (Williams and Pollunin 2001). Their functional roles depend on species-

specific feeding behaviors such as grazing rates and diet preferences (Burkepile and Hay 

2010, Bonaldo et al. 2014, Adam et al. 2015a). Parrotfishes are abundant and diverse 

herbivores, stimulating a significant amount of research on the differences among species 

feeding modes, diet preferences, and their impact on Caribbean reefs (see reviews by 

Adam et al. 2015b, Burkepile et al. In press). However, surgeonfishes have received 

much less attention in the Caribbean, resulting in a knowledge gap about the feeding 

behavior and ecological role of common species (but see Tilghman et al. 2001, Dromard 

et al. 2012).  

Surgeonfishes are one of the most common fish groups on Caribbean coral reefs, 

where they often represent over 25% of the total fish density and biomass (Kramer 2003, 

Robertson et al. 2005, Hernadez-Landa et al. 2015). The three species in the region, 

Acanthurus tractus, Acanthurus coeruleus and Acanthurus chirurgus are commonly seen 

forming schools that swim over the reef while feeding on benthic algae (Wolf 1987, 
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Morgan and Kramer 2004). Similarities in their feeding behavior, as well as difficulties 

identifying their target food items, may have fostered the perception that all 

surgeonfishes in the Caribbean target similar food items and thus have a similar 

functional role. Yet, evidence from studies across the globe suggest that surgeonfishes 

generally have broad diets including many different types of macroalgae, filamentous 

algae, invertebrates, and detritus (Choat et al. 2002, Marshell and Mumby 2012, Kelly et 

al. 2016).  

The limited work on Caribbean surgeonfishes suggests that they may have 

different diets (Randall 1967, Tilghman et al. 2001, Dromard et al. 2012) and therefore 

play distinct roles within the herbivore guild. Tilghman et al. (2001) used gut contents to 

show that both A. tractus and A. chirurgus preferred sediment and chlorophytes (green 

algae) while A. coeruleus selected rhodophytes (red algae) and chlorophytes but avoided 

sediment. In contrast, Dromard et al. (2012) used analyses of stomach contents and stable 

isotopes to place the three species at different trophic levels. A. coeruleus appeared to 

consume fleshy algae, turf, and invertebrates, A. tractus fed on unidentified matter and 

fleshy algae, and A. chirurgus showed a mixed diet with a noticeable high proportion of 

calcareous algae. Such variation in diet description might arise from the use of distinct 

methodologies and differing taxonomic resolution of diet items as well as different 

resource (food) availability across different research sites. Surprisingly, no work on 

interspecific differences in Caribbean surgeonfish diets to date has used behavioral 

observations of feeding in the field, which often reveal more cryptic differences among 

the niches of herbivore species than do other methods of assessing diet (e.g., Brandl and 

Bellwood 2014, Adam et al. 2015). 
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Ontogenetic shifts in feeding behavior is common in herbivorous fishes. For 

instance, parrotfishes often feed primarily on filamentous turf algae when juveniles and 

switch to crustose coralline algae and larger macroalgae when adults (Lokrantz et al. 

2008). In the case of surgeonfishes, ontogenetic changes in habitat use and feeding 

behavior may generate both intra- and interspecific differences in their functional roles. 

For example, small A. coeruleus are often most abundant on shallow back reefs and 

lagoons while large individuals are abundant on deepe fore reefs (Lawson et al. 1999, 

Hernandez-Landa et al. 2015). Furthermore, surgeonfishes’ territory size often increases 

with size body (e.g., Bell and Kramer 2000) as does their probability of schooling (Wolf 

1987) both of which may impact feeding behavior and diet.  

Here, we addressed potential differences in diet niches within and between the 

two most common Caribbean surgeonfishes, A. coeruleus, and A. tractus, in the Florida 

Keys, USA. We focused our work on four spur and groove reefs with distinct levels of 

physical complexity and benthic composition and used in situ behavioral observations of 

surgeonfish feeding to quantify both feeding rates and species-specific diet preferences. 

We surveyed reef structural complexity (rugosity), benthic composition, and fish 

community composition to assess the context of intra and interspecific differences in 

feeding behavior. Our research aimed to answer the following questions: 1) Do the two 

species of surgeonfishes exhibit unique foraging behavior? 2) Do foraging behavior and 

feeding preferences vary intraspecifically with fish size? and 3) How do habitat 

complexity and benthic composition influence foraging behavior? 
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METHODS  

Study sites  

The Florida Keys National Marine Sanctuary (FKNMS) encompasses a series of 

reefs in the Florida Keys where community structure of reef fishes differs across reefs 

within the sanctuary depending on protection status and reef type (Bohnsack et al. 1999). 

The study took place at two Sanctuary Preservation Areas (SPA) where fishing is 

completely prohibited and reef structural complexity is high [Molasses Reef (80°22.374' 

W, 25°00.646' N), French Reef (80°21.009' W, 25°02.026' N)] and two areas where 

fishing is allowed and reef structural complexity is low [Conch Reef (80°27.230' W, 

24°57.695' N), Pickles Reef (80°24.964' W, 24°59.087' N)]. We conducted our work at 

an average depth of 5-6 m from June-August 2016. Previous field observations have 

shown distinct differences in habitat complexity, benthic composition, and ecological 

processes (e.g., corallivory, herbivory) among Florida reefs (Paddack et al. 2006, 

Burkepile 2012, Catano et al. 2016). 

Fish community composition 

In order to examine how surgeonfish feeding may respond to the abundance of 

predators and competitors, we assessed how fish community structure varied across our 

sites. To quantify fish communities, we used visual censuses along 20 belt transects (2 x 

30 m) located haphazardly within each study site. All fishes were identified and their size 

estimated to the nearest cm. Size estimates were converted to biomass for each fish using 

published length-weight relationships (Bohnsack and Harper 1988, Claro and Parenti 

2001). Species were assigned to trophic groups following a modification from Claro and 

Parenti (2001). Herbivores were species that feed on algae, including parrotfishes, 
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surgeonfishes and chubs (family Kyphosidae). Invertivores included species that mostly 

target benthic invertebrates, including grunts (family Haemulidae), snappers (family 

Lutjanidae) (except the cubera snapper [Lutjanus cyanopterus] which is a piscivore), 

wrasses (family Labridae), and other small species. Piscivores included fishes that 

usually prey on fish species and encompassed groupers (family Serranidae), barracudas 

(family Sphyraenidae), moray eels (family Muraenidae), and jacks (family Carangidae).  

Benthic community composition 

In order to address how feeding behavior of the surgeonfishes may change with 

benthic community composition and reef complexity, we characterized the benthic 

habitat at each site. We measured rugosity index (RI) as a proxy for structural complexity 

at each site using the chain method (Risk 1972) with a 5 m chain with 1.5 cm links 

(n=80/site). We characterized benthic communities via 25 (50 x 50 cm) photo-quadrats 

taken along 8 (50 m) transects at each study site (n=200 photos/site). We used Coral 

Point Count (CPCe, Kohler and Gill 2006) to calculate abundance (percent cover) of each 

benthic taxon within each plot, using 25 points distributed in a randomly-stratified 

design. Benthic taxa were classified to the lowest taxonomic group possible, which was 

often genus for many algae. For algae that are difficult to identify in the field, we used 

two form-functional groups or categories: (1) “crustose” which included multiple genera 

of crustose coralline algae (CCA) and Peyssonnelia and (2) “turf” which encompassed 

the assemblage of short (generally < 1 cm), filamentous algae with little to no sediment 

(< 2 mm thick sediment layer). In addition, we defined turf algae associated with 

sediment, hereafter “TAS”, where longer (up to ~ 3 cm) filamentous algae were found 

holding a layer of sediment from 2 mm up to ~ 20 mm thick (see Fig. A1 for pictures of 
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the different benthic taxa classifications). We also measured the depth of the sediment 

layer within each plot (five random points per plot) using a pencil calibrated with 1mm 

increments.  

Surgeonfish feeding behavior  

At each site, we selected random individuals across all sizes of both focal species 

of surgeonfishes to study their grazing rate [A. tractus, n = 72 (3-24 cm total length), A. 

coeruleus, n = 83 (3-25 cm total length), see table A1 for sample size details]. We first 

estimated total length while assessing whether the fish’s behavior was impacted by the 

diver’s presence. After showing no reaction to the diver’s presence following 1 min of 

acclimation, we observed the fish to quantify grazing as the number of bites taken in ten 

minutes, including the number of bites taken per foray. A foray is defined as a discrete 

series of bites taken in the same area by an individual where bites are separated only by 

the time it takes to reapply the mouthparts to the substrate (Bellwood and Choat 1990).  

We collected a second dataset on feeding behavior to focus on what the 

surgeonfishes were actually feeding on when they bit the benthos. We randomly selected 

individuals across all sizes [A. coeruleus, n = 361 (1-28 cm, TL), A. tractus, n= 370 (2-26 

cm, TL), see table A2 for sample size details] and identified the benthic group (as 

described above) the fish targeted on its third feeding foray. We also collected 

information about whether the fish fed on the target benthic group directly or on 

epiphytes on that benthic group (e.g., epiphytes on larger macroalgae such as Stypopodim 

zonale). For each foray, we also recorded substrate position [either vertical (slope >45 

degree) or horizontal (slope <45 degree)] and substrate concavity (concave, convex or 

flat). If the focal individual targeted turf algae or TAS, we additionally measured the 
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height of the turf (mm) and thickness of the sediment layer (mm) associated with the turf 

algae. All behavioral observations for grazing rates and feeding preferences were 

conducted throughout the day (10:00-17:00 hours) to minimize diurnal differences in 

feeding behavior that can be common in herbivorous fishes. 

Statistics  

Fish density and biomass, grazing rate (bites per minute), and bites per feeding 

foray were square root transformed to achieve normal distributions. We used one-factor 

ANOVA followed by post-hoc analysis (Tukey HSD test) to assess differences among 

reef sites for: (1) surgeonfish density and biomass, (2) density and biomass of different 

trophic groups, (3) reef rugosity, and (4) percent cover of different benthic taxa (except 

for abundance of Stypopodium that was compared using a Kruskall Wallis test because 

the data could not be normalized. In addition, we used the average percent cover of each 

benthic group within each transect to compare benthic community composition among 

reef sites using permutational analysis of variance (PERMANOVA).  

Grazing rate (bites per minute) and bites per feeding foray were analyzed across 

sites and species using a two-factor ANOVA. To test for differences between species in 

whether bites differed relative to substrate orientation and concavity we used the Chi-

square contingency test. Sediment depth and turf height at the location of fish bites were 

compared among species and sites using a two-factor ANOVA. The diet (proportion of 

feeding forays on target benthic groups) was compared between surgeonfish species 

across sites using PERMANOVA. We also used logistic regression to predict for each 

surgeonfish separately, the likelihood of consuming different benthic groups as a function 

of fish size.  
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Ultimately, we wanted to understand how feeding preferences of the two species 

may change with different benthic communities. We used the data from benthic 

community surveys as a proxy of availability of each taxon (pi) and number of feeding 

forays as a proxy of its proportion in a diet of species (ri) to evaluate feeding preferences 

using Chesson’s selectivity index (α)  where α= (ri/pi)/ Σ(ri/pi) (Chesson 1978). Chesson’s 

index was chosen over other indices (e.g., Ivlev’s selectivity index, Strauss index) 

because of its superiority for comparing among sites where the availability of food items 

varies (Lechowicz 1982). The index (α) varies between 0 to 1 with a selectivity threshold 

(neutral index) calculated as 1/number of items, in our case 1/7=0.14 (Chesson 1978). 

Values above this threshold indicate selection for these diet items while values below this 

threshold indicate avoidance of these diet items. 

We performed all analyses using packages Vegan (Oksanen et al. 2017), doBy 

(Soren 2016), MASS (Venables and Ripley 2002), and ggplot2 (Wickham 2009) in R 

version, 3.2.2 (R Development Core Team 2016).  

 

RESULTS 

Fish community composition 

Total fish biomass at Pickles Reef, Molasses Reef, and French Reef averaged over 

twice the fish biomass found at Conch Reef (7926 ± 1120 g 100m2) (one-factor ANOVA, 

Biomass, F3,76 =  6.88, p < 0.001; Table 2.1). Herbivorous fishes (subfamily Scarinae and 

family Acanthuridae) encompassed approximately 65% of total fish biomass across all 

sites but varied among sites with Conch Reef having the lowest values (6312 ± 988 g 

100m2) while the other three reefs ranged from 10560 (± 1584) g 100m2 to 14610 ± 2062 
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g 100m2  (Fig. 2.1A, one-factor ANOVA, Biomass, F3,76  =  4.12, p = 0.009; Table 2.1). 

Biomass of piscivorous fish (e.g., barracudas, groupers, and others) was 10 times higher 

at Molasses Reef (570 ± 310 g 100m2) and French Reef (920 ± 324 g 100m2) compared 

to Pickles Reef (9 ± 6 g 100m2) and Conch Reef (44 ± 30 g 100m2 )  (Fig. 2.1A, one-

factor ANOVA, F3,76 = 6.79, p < 0.001; Table 2.1).  

The total fish density at Conch Reef (67 ± 4 ind.100 m-2) was approximately half 

the total fish density found at the other three reefs (one-factor ANOVA, F3,76 = 17.41, p < 

0.001; Table 2.1). Density of herbivorous fish was also lowest at Conch Reef averaging 

21± 2 ind.100m-2 (Fig. 2.1B, one-factor ANOVA, F3,76  =  3.50, p = 0.019; Table 2.1). 

Invertivorous fish (e.g. family Lutjanidae and family Haemulidae) encompassed around 

50% of total fish density with higher values at Molasses Reef (Fig. 2.1B, one-factor 

ANOVA, F3,76 = 7.60, p < 0.001; Table 2.1).  

Surgeonfish biomass accounted for approximately 11% of herbivorous fish 

biomass across all sites. Acanthurus tractus had 2.5 times higher biomass and was twice 

as abundant as A. coeruleus across all sites (Fig. 2.1C&D). No differences in density or 

biomass among reefs were detected for either species (Fig. 2.1C&D, one-factor ANOVA, 

Biomass, A. tractus, F3,76 = 0.94, P = 0.428, A. coeruleus, F3,76 = 2.23, p = 0.091, Density, 

A. tractus, F3,76 = 1.58, p = 0.201, A. coeruleus, F3,76 = 0.36, p = 0.782; Table 2.1). A. 

chirurgus was practically absent from these reefs (<0.1 ind.100m-2) and thus not included 

in the study of feeding behavior.  

Benthic community composition 

Rugosity at both Conch Reef (1.17 ± 0.01) and Pickles Reef (1.15 ± 0.01) was 

significantly lower than at both Molasses Reef (1.34 ± 0.02) and French Reef (1.33 ± 
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0.03) (one-factor ANOVA, F3, 28 = 13.85, p < 0.001; Table 2.1). Conch Reef and Pickles 

Reef were dominated by TAS (> 50% cover) (Fig. 2.2) with Conch having the thickest 

sediment layer with depths over 7mm (one factor ANOVA, F3,28 =6.60, p = 0.002, Table 

2.1). Dictyota spp. (> 35% cover) was most the abundant algae at French Reef compared 

to other three reefs (Fig. 2.2, one-factor ANOVA, Dictyota, F3,28 = 14.81, p < 0.001; 

Table 2.1) while crustose algae, invertebrates (e.g. gorgonians, sponges) and turf were 

also more abundant at both Molasses Reef and French Reef (Fig 2.2, one-factor ANOVA, 

crustose algae, F3,28 = 15.05, p < 0.001, invertebrates, F3,28 = 13.17, p < 0.001, turf, F3,28 = 

32.38, p < 0.001). Cover of upright articulated calcareous algae (e.g., Amphiroa, Jania, 

Galaxaura and Halimeda) was very low (< 0.3%) across all sites while Stypopodium was 

only present at Conch Reef (Fig. 2.2, one-factor ANOVA, upright articulated algae, F3,28 

= 2.71, p = 0.064, Stypopodium, X2 = 21.39, p < 0.001). As a result, benthic community 

composition differed among reef sites where French Reef and Molasses Reef appear 

more similar compared to Conch Reef and Pickles Reefs (PERMANOVA, F3,28 = 37.23, 

p = 0.010).  

Surgeonfish feeding behavior  

Acanthurus tractus (38.8 ± 1.7 bites min-1) fed twice as fast as A. coeruleus (19.6 

± 1.0 bites min-1) regardless of site (Fig. 2.3A, two-factor ANOVA, site, F3,147 = 1.86, p = 

0.138, species, F1,147 = 68.51, p < 0.001, site:species, F3,147 = 0.32, p = 0.809). The 

average number of bites taken during each foray by A. tractus was almost double those of 

A. coeruleus (Fig. 2.3B, two-factor ANOVA, species, F1,147 = 70.21, p < 0.001). 

However, both surgeonfishes took significantly fewer bites per foray at reefs with higher 
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complexity (Molasses and French) (Fig. 2.3B, two-factor ANOVA, site, F3,147 = 6.85, p < 

0.001, site:species, F3,147 = 0.76, p = 0.516; Table 2.1).  

The two surgeonfishes fed off of substrates with similar orientation as 

approximately 60% of the forays taken by both species were on horizontal substrates (n = 

715, X2 = 0.71, p = 0.401). The shape of the substrates was also similar with more than 

65% of bites on flat substrates, rather than convex or concave substrates (n = 715, X2 = 

1.64, p = 0.440). For bites targeting turf algae, we did not detect differences in turf height 

(two-factor ANOVA, species, F1,175 = 0.05, p = 0.823, site:species, F3,175 = 0.20, p = 

0.894,) or sediment depth (two-factor ANOVA, species, F1,175 = 0.54, p = 0.464, 

site:species, F3,175 = 0.43, p = 0.728) between species or site (appendix A). 

Surgeonfishes directly consumed Dictyota spp., turf, and TAS with these groups 

consistently combining to represent over 50% of their bites (Fig. 2.4). They also targeted 

epiphytes (e.g., short filamentous turf algae including Polysiphonia spp., Ceramiun spp., 

Digenea sp.) living on crustose algae (denoted as ‘turf on crustose’), invertebrates (e.g., 

gorgonians, sponges), and Stypopodium zonale (See appendix A for pictures of epiphytes 

and other taxa). We also observed that A. coeruleus periodically directly consumed 

gorgonians (n=4 fishes) and sponges (n=1 fish) rather than the epiphytes on these 

animals. Upright articulated calcareous algae represented a small portion of the diet of 

both species.  

The two species of surgeonfishes differed in their distribution of feeding forays 

with A. coeruleus appearing to focus more on turf and turf on crustose algae while A. 

tractus fed more on Dictyota spp. (Fig. 2.4A&B, PERMANOVA, species, F1,7 = 7.15, p 

= 0.010). The distribution of feeding forays across the benthic groups also differed across 
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sites (Fig. 2.4A&B, PERMANOVA, site, F3,7 = 4.96, p = 0.010). For example, the 

proportion of bites on turf on crustose was over five times greater at higher relief reefs 

(Molasses and French) whereas bites on TAS were noticeably higher at reefs with low 

relief (Conch and Pickles).  

When we assessed feeding patterns across the size range of fishes, we found that 

while turf and turf on crustose seem to be similarly eaten across the different size classes, 

TAS was more frequently consumed by large fishes (Fig. 2.5, LRM, turf, A. tractus, p = 

0.149, A. coeruleus, p = 0.870, turf on crustose, A. tractus, p = 0.658, A. coeruleus, p = 

0.401, TAS, A. tractus, p < 0.001, A. coeruleus, p < 0.001) In contrast, Dictyota spp. was 

eaten less frequently by large individuals of each species (Fig. 2.5, LRM, Dictyota spp., 

A. tractus, p < 0.001, A. coeruleus, p = 0.003). Furthermore, A. coeruleus and A. tractus 

showed approximately 50% higher chance of feeding on invertebrates and upright 

articulated algae, respectively, with increasing size, although there were few bites on both 

diet items (Fig. 2.5).  

Evaluating patterns in their selectivity showed that generally both surgeonfishes 

preferentially fed on turf while avoiding TAS (Fig. 2.6). Acanthurus tractus often 

selected for Dictyota spp. and fed on Stypopodium in proportion to its abundance (at the 

only site it was present), with fish targeting the epiphytes on the Stypopodium thallus 

rather than the macroalga itself (Fig. 2.6). Acanthurus coeruleus fed on Dictyota spp. but 

much less frequently than expected based on its abundance. Both species tended to select 

for crustose algae, likely consuming the filamentous algae growing on the crustose rather 

than the crustose algae itself. Both species tended to switch from turf to turf on crustose 

as the later resource became more available at Molasses and French Reefs (Fig. 2.6). 
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Upright articulated algae (e.g., Amphiroa spp., Jania spp.) was preferably consumed by 

both species but at different sites (Fig. 2.6).  

 

DISCUSSION  

The ecological role of herbivorous fishes on coral reefs varies among groups (e.g., 

grazers vs. browsers) but also within these groups as some closely related species often 

have very different diets (Burkepile and Hay 2011, Adam et al. 2015b, Kelly et al. 2016). 

Although different species of herbivores often target different substrate types 

(Bruggeman et al. 1994, Brandl and Bellwood 2014), we did not see differences between 

these two surgeonfishes when evaluating the turf height, sediment depth, substrate 

concavity, or orientation of substrate where they were feeding. However, there were both 

similarities and differences between the two species when considering the selection of 

diet items. Acanthurus tractus fed frequently on the brown macroalga Dictyota spp., 

whereas A. coeruleus fed on Dictyota spp. less frequently and instead had a stronger 

selection for filamentous turf algae growing on crustose algae. Furthermore, both 

surgeonfishes fed frequently on epiphytes of macroalgae rather than the actual algal 

thallus (e.g., Stypopodium zonale, turf on crustose algae). We also showed that feeding 

preferences change over ontogeny with larger individuals of both species feeding more 

frequently on TAS and less frequently on macroalgae such as Dictyota spp.  

The grazing rate of A. tractus was double that of A. coeruleus. While the two 

species do not have obvious morphological differences in their jaws which would 

influence feeding rates, these differences may be related to anatomical and morphological 

differences of their digestive system that lead to differential digestion capabilities and gut 
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turnover times, which could limit feeding rate (Lobel 1981). For example, in large 

terrestrial herbivores, those with foregut fermentation, known as ruminants (e.g., deer, 

wildebeest, giraffe), have higher gut retention time and are more efficient in extracting 

nutrients from their diet. As a result, ruminants have lower intake rates compared to 

hindgut fermenters such as horses, elephants, and rhinoceros that have higher intake rates 

and faster gut passage times but are less efficient at extracting nutrients from their food 

(Hume 1989). While A. coeruleus has a long thin-walled digestive tract capable of 

digesting algae using acidic stomach secretions, A. tractus has a sand-filled, muscular 

gizzard-like stomach that breaks down algae via trituration (Tilghman et al. 2001). These 

differences in the digestive system might influence retention time of diet items and the 

nutrient uptake capabilities. Acanthurus coeruleus may need to allow its diet to have 

more contact time with acidic stomach secretions to efficiently extract nutrients, similar 

to terrestrial foregut fermenters. Yet, A. tractus likely requires a higher gut turnover as a 

result of a less efficient method of processing its food, akin to terrestrial hindgut 

fermenters.  

 Surprisingly, we found greater numbers of bites per foray at low relief reefs 

(Conch Reef and Pickles Reefs) than high relief reefs (French Reefs and Molasses Reefs) 

for both surgeonfish species. There could be a number of reasons for differences in the 

number of bites per foray between the reef types, such as the different diet items present 

on the different reef types may require different handling times which could alter the 

length of forays. The higher relief reefs tended to also have higher biomass of 

herbivorous fishes, which could have increased competition for food. More competitive 

interactions with other herbivorous fishes may have resulted in less time foraging and 
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shorter feeding forays (Catano et al. 2014). This difference could also be the result of 

differences in predation risk between sites and more time devoted to vigilance at high 

relief reefs which had more predators. More time spent being vigilant would likely mean 

shorter feeding forays. Structural complexity frequently mediates the impact of predation 

risk on foraging behavior in herbivorous fishes (Verges et al. 2011, Catano et al. 2015). 

Even in the presence of the same level of predation risk, herbivorous fishes are more 

vigilant and consume less in high rugosity areas while feeding more in low rugosity areas 

(Catano et al. 2016). Thus, a host of factors could have influenced the different patterns 

in feeding rates we saw between high and low relief reefs.  

Similar to previous studies (e.g., Tilghman et al. 2001), we found that both 

surgeonfish species targeted certain benthic groups such as filamentous turf algae and 

certain upright macroalgae. At our study sites, filamentous turfs were composed of 

multiple species of usually short (< 1cm), red filamentous algae (phylum Rhodophyta) 

such as Polysiphonia spp. Ceramium spp. and Hypnea spp. These taxa can be easily 

consumed by herbivorous fish with small mouths and dentition adapted to crop the tips of 

filamentous and thin branching algae (Choat et al. 2004). Indeed, previous studies that 

analyzed diet of surgeonfishes in detail (Randall 1967) have reported over 30 algal taxa 

comprising the diet of both species, of which over 30% are taxa commonly classified as 

turf-forming algae (Connell et al. 2014). Other studies have also shown the preference of 

surgeonfishes for feeding on turf-forming algae (Francini-Filho et al. 2010, Dromard et 

al. 2012, Kelly et al. 2016).  

However, our data showed that once the turf assemblages become associated with 

sediment that gets entangled within algal branches, both surgeonfish species strongly 
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avoided it. Indeed, less than 20% of all bites by A. coeruleus and A. tractus were taken on 

substrates with over 2 mm sediment depth. The phenomenon has been previously 

described for herbivorous fishes that display reduced feeding after sediments accumulate 

in turf algal communities (Bellwood and Fulton 2008, Goatley and Bellwood 2012, 

Clausing et al. 2014). Yet, others report significant amounts of sediment in the gut of A. 

tractus (Tilghman et al. 2001, Dromard et al. 2012). The sediment could be the result of 

accidental consumption when consuming turf algae. Alternately, A. tractus could ingest 

sediment that is used as a tool during mechanical digestion within their muscular gizzard-

like stomach (Lobel 1981) rather than targeting sediment as a source of nutrition. It is not 

surprising that A. coeruleus avoids sediment on these reefs as the heavily calcium 

carbonate-based sediments in the Florida Keys (Lidz and Hallock 2000) could possibly 

impair their chemically-mediated digestive mechanism. Yet, sediment content is likely an 

important factor mediating these preferences (Goatley and Bellwood 2010) as Gordon et 

al. (2016) showed that parrotfishes fed less when grain size was large (mostly carbonate 

sediment) and organic content was low. Interestingly, we observed that smaller fish 

avoided TAS to a greater degree than larger fish, possibly because smaller individuals 

have more difficulty processing sediments. Regardless, sediments clearly make turf algae 

unpalatable to all size classes of surgeonfish, and more work is needed to understand 

sediment consumption in surgeonfishes in relation to variables such as species identity, 

fish size, sediment loading rates, sediment grain size, and the level of organic matter 

within the sediments.  

Marine macroalgae often have multiple mechanisms of defenses such as 

calcification (precipitation of CaCO3) that toughens algal tissues and production of 
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secondary metabolites that deter feeding by herbivorous fishes (Schupp and Paul 1994, 

Pereira and da Gama 2008). Our results show that surgeonfishes, particularly larger 

individuals, do consume some articulated calcified algae (e.g., Amphiroa spp., Jania spp., 

Galaxura spp.), which is surprising given that previous work suggested surgeonfishes 

avoid calcified algae (Schupp and Paul 1994, Burkepile and Hay 2008). While one might 

assume that the fishes are consuming the epiphytes off of the upright articulated 

corallines, we often see these algal species in the guts of these fishes (personal 

observation), suggesting they are, in fact, consuming these algae. Larger mouths and 

stronger jaws in adult individuals, compared to smaller individuals and juveniles, may 

facilitate the consumption of articulated calcareous algae. Further, these fishes may be 

focusing on young thalli of these algae which may be less calcified than the larger thalli 

that are often used in studies showing these species are unpalatable to surgeonfishes (e.g., 

Schupp et al. 1994, Burkepile and Hay 2008). However, a potential bias in our method is 

that small individuals of articulated calcareous algae can be difficult to observe in 50 x 50 

cm photographs. The bias could have led to us underestimating their abundance, which 

could have resulted in an inflated selectivity index. However, the fact that we did observe 

surgeonfishes eating these algae and the fact that we frequently observe these algae in 

their guts shows that they do include them in their diets, even if they do not select for 

them as strongly as our data suggests.  

In contrast to calcification, chemical defenses may be less effective against 

surgeonfish species (Schupp and Paul 1994, Hay 1997). For instance, Pennings et al. 

(1996) found that surgeonfishes preferred to feed on chemically-rich algae relative to 

calcified algae while parrotfishes avoided chemically rich algae in favor of calcified 
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algae. However, we saw differences between the two surgeonfish species in how they 

responded to the chemically-defended brown algae Dictyota spp. Acanthurus tractus 

commonly fed on Dictyota spp., as other studies have shown (Burkepile and Hay 2008), 

while A. coeruleus ate Dictyota spp. but much less frequently. It is possible that A. 

coeruleus is more susceptible to algal chemical defenses as its digestion is chemically-

mediated (acidic digestion, Lobel 1981) and chemical defenses could impair digestive 

mechanisms necessitating reduced inclusion in the diet. However, for both species, 

smaller individuals were more likely to feed on Dictyota spp. than larger individuals, the 

opposite pattern than for upright articulated corallines, further suggesting ontogenetic 

changes in feeding preferences of these fishes. Thus, these surgeonfishes’ relationship to 

algal defenses are complex and may be dependent on fish identity, fish size, type of algal 

defense, digestive the nutritional value of the alga, and maturity of the alga (Duffy and 

Paul 1992, Cronin and Hay 1996). 

Some authors have proposed that some species of nominal herbivorous fishes 

(surgeonfishes and parrotfishes) might be microphages that scrape the bottom looking for 

microorganisms living in the endolithic spaces of the seafloor (Clements et al. 2009, 

2016). Although our two surgeonfish species clearly ingested larger algae such as 

Dictyota spp., they likely are also targeting cyanobacteria and microalgae given that they 

were clearly often feeding on the epiphytes growing on larger macroalgae and benthic 

invertebrates. To our surprise, we also observed that A. coeruleus took bites directly from 

gorgonians and sponges themselves, not merely on the epiphytes on these animals, 

although these bites constituted less than 2% of their diets. Indeed, other authors have 

reported that surgeonfishes sometimes consumes animal material, but its proportion is 
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small relative to the algal material (Randall 1967, Dromard et al. 2012). The pattern 

appears similar to some herbivorous parrotfishes, which can take up to 8% of their bites 

off of live corals (Francini-Filho et al. 2008), possibly as an alternative source of 

nutrients (Rotjan and Lewis 2006). 

Defining the ecological niche of herbivorous fishes is key for determining 

whether different species play unique functional roles (e.g., control different taxa of 

algae) or whether they are functionally redundant (Burkepile and Hay 2008, Fox and 

Bellwood 2013, Brandl and Bellwood 2014). Resource partitioning seems to be common 

among Pacific and Caribbean parrotfishes that display distinct diet preferences, feeding 

modes, and habitat preferences (Bellwood and Choat 1990, Bonaldo et al. 2014, Adam et 

al. 2015b, Burkepile et al. In press). Indo-Pacific surgeonfishes also appear to have 

specialized either their morphology or habitat use in order to reduce niche overlap 

(Brandl et al. 2015) leading to significant niche partitioning in diet (Kelly et al. 2016). 

Both of our studied species targeted mostly turf algae showing a high degree of resource 

use overlap. Yet, they differed in the location of turf algae with A. coeruleus often 

consuming turf growing on crustose algae while A. tractus consumed turf off of other 

substrates, suggesting subtle niche partitioning in the location of feeding despite targeting 

a similar resource. The feeding off on turf communities is also likely more complex than 

we could resolve given that turf communities are species diverse (Connell et al. 2014). It 

is quite possible that the two species are partitioning the turf community along axes that 

we did not resolve here. 

The differences in diet we observed mean that the two species may have different 

impacts on benthic communities. Both species appear important for maintaining turf 
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communities in early successional states. By targeting turf on crustose, A. coeruleus may 

be important for facilitating the growth of CCA, species of which are important for 

cementing together reef structure (Littler and Littler 2013) and facilitating coral 

settlement (Arnold and Steneck 2011). In contrast, A. tractus may be more important for 

removing larger macroalgae from reefs given its preferences for Dictyota spp. Overall, 

our results indicate that while Caribbean surgeonfishes in the Florida Keys do display a 

relatively high overlap of food resources they show some subtle niche partitioning that 

may translate into functionally complementarity roles within the herbivore guild. 
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Table 2.1 Results of Tukey post-hoc tests from analysis of fish communities, benthic 
communities and number of bites taken by foray. 
 

Variable Conch 
Reef 

Pickles 
Reef 

Molasses 
Reef 

French 
Reef F P 

Total fish biomass A B B B 6.88 <0.001 
Herbivorous fish 

biomass A B B B 4.13 0.009 

Invertivorous fish 
biomass A AB AB B 3.89 0.012 

Piscivorous fish 
biomass A A AB B 6.79 <0.001 

Total fish density A B B B 17.41 <0.001 
Herbivorous fish 

density A AB B B 3.50 0.019 

Invertivorous fish 
density A B B AB 7.60 <0.001 

Piscivorous fish 
density A A AB B 6.33 <0.001 

Rugosity A A B B 13.86 <0.001 
TAS abundance A A B C 74.29 <0.001 

Dictyota 
abundance A AB B C 14.81 <0.001 

Crustose 
abundance A AB B C 15.05 <0.001 

Invertebrate 
abundance  A A B B 13.17 <0.001 

Turf abundance  A A B C 32.38 <0.001 
Fish bite per foray A AB B B 70.21 <0.001 
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Figure 2.1 Mean (±SE) biomass (A) and density (B) of fish by trophic level across reef 
sites. Mean biomass (C) and density (D) of surgeonfishes species across reef sites. 
Statistical results from comparisons among sites using one-factor ANOVA. Significant 
results are highlighted in bold. See post-hoc test results in Table 2.1. 
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Figure 2.2 Mean abundance (percent cover) of benthic groups: Crustose (crustose algae), 
Dictyota (Dictyota spp.), Invertebrates (e.g. sponges, zoanthids), Stypopodium 
(Stypopodium zonale), TAS (turf associated with sediment), turf (turf forming algae), and 
calcareous (upright articulated calcareous algae) at each study site. Statistical results next 
to each benthic group indicate differences among sites using one-factor ANOVA. See 
post-hoc test results in Table 2.1. PERMANOVA result shows differences in community 
composition among study sites. 
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Figure 2.3 Mean (±SE) grazing rate (A) and the number of bites per foray (B) for A. 
tractus (open circles) and A. coeruleus (filled circles) across reef sites. Statistical results 
from a comparison between species and reef sites using a two-factor ANOVA. 
Significant results are highlighted in bold. See post-hoc test results in Table 2.1.  
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Figure 2.4 Proportion of bites taken by surgeonfish species directly on benthic groups and 
on epiphytic algae across reef sites. Statistical values from PERMANOVA analysis 
contrasting the differences in diet composition between species and among reef sites.   
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Figure 2.5 Proportion of bites by size class for A. coeruleus (A) and A. tractus (B). 
Numbers on each bar indicates the sample size (number of bites). Statistical values 
calculated from logistic regression analysis for each surgeonfish separately testing 
whether the proportion of a given food item in the diet changes over the size range of the 
two species. Significant relationships are highlighted in bold. 
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Figure 2.6 Chesson’s selectivity index (SI) for different benthic taxa calculated for each 
surgeonfish species across reef sites. A. tractus (A-D), A. coeruleus (E-H). Dashed lines 
represent thresholds of selectivity calculated as 1/number of available items=0.14. Values 
above this line suggest selection for these diet items while values below this line suggest 
avoidance of these diet items. 
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ABSTRACT 

Herbivory is one of the strongest drivers of algal community dynamics on coral 

reefs. However, abiotic factors such as structural complexity often mediate the impact of 

herbivores on benthic communities. We experimentally evaluated the independent and 

interactive effects of substrate orientation and fish herbivory on algal community 

dynamics on a coral reef in the Florida Keys, USA. We created horizontal and vertical 

substrates, mimicking the trend in the reduction of vertical surfaces of coral reefs, to 

assess how algal communities develop either with herbivory (open areas) or without 

herbivory (in herbivore exclosures). We found that substrate orientation was the 

dominant influence on macroalgal community composition. Herbivores had little impact 

on vertical substrates as crustose algae dominated these substrates in exclosures and open 

areas. In contrast, herbivores strongly impacted horizontal substrates, evidenced by 

upright macroalgae (e.g., Dictyota spp., articulated coralline algae) dominating herbivore 

exclosures, while open areas were dominated by filamentous algal turf and sediment. 

Outside of exclosures, differences between vertical and horizontal substrates exposed to 

herbivores persisted despite similar levels of herbivory as herbivorous fishes showed no 

preference for feeding on either substrate orientation. Our results suggest that the 

orientation of the reef benthos has an important impact on benthic communities. On 

vertical surfaces, abiotic factors may be more important for structuring algal communities 

while herbivory may be more important for controlling algal dynamics on flat areas. 

Thus, as structural complexity of Caribbean coral reefs declines and reefs become 

increasingly flat, higher levels of herbivory may be required to keep macroalgal 

populations in check. 
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INTRODUCTION 

Herbivory is a fundamental process on coral reefs that regulates algal species 

composition, algal abundance (Odgen and Lobel 1978, Lewis and Wainwright 1985, 

Carpenter 1986) and the interactions between corals and algae (Mapstone et al. 2007, 

Trapon et al. 2013a, Zaneveld et al. 2016). On Caribbean coral reefs, sea urchins like the 

long-spined sea urchin (Diadema antillarum) and herbivorous fishes [Family 

Acanthuridae (surgeonfishes) and Family Scaridae (parrotfishes)] are often the most 

abundant herbivores (Steneck 1983, Adam et al. 2015a). Unfortunately, a massive die-off 

of sea urchins in the 1980’s left fishes as the main herbivores on reefs (Lessios 1988), 

although they are currently overfished in many places across the Caribbean (Jackson et 

al. 2014). Reduced herbivory and concurrent declines in coral cover have facilitated 

increases in macroalgal cover, which has doubled Caribbean-wide since the 1970s 

(Jackson et al. 2014). Declines in coral abundance coupled with increased bioerosion 

rates have resulted in an overall negative carbon budget on many reefs, driving reductions 

of structural complexity on reefs (Perry et al. 2014).  

 The structural complexity of coral reefs is largely comprised of the three-

dimensional physical structure built by scleractinian corals and other calcifying 

organisms that provide shelter, settlement opportunities, and foraging habitat to reef-

dwelling organisms (Wilson et al. 2007, Graham and Nash 2013). Areas with higher 

structural complexity often have more abundant sea urchins (Fabricius et al. 2014) and 

herbivorous fishes (Luckhurst and Luckhurst 1978, Graham 2014, Rogers et al. 2014), 

which may increase top-down control on algal communities (Verges et al. 2011). For 

instance, crustose coralline algae (CCA) is often found in a high abundance on reefs with 
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high complexity and thus a steep average of substrate slope (Fabricius and De’ath 2001), 

which commonly dominate in heavily grazed areas (Steneck 1997). However, in the 

Caribbean, the structural complexity of coral reefs has declined by more than 50% since 

the 1960s, creating more horizontal reef surfaces defined as reef flattening (Alvarez-Filip 

et al. 2009, 2011). Thus, there is a critical need to understand how structural complexity 

and the flattening of coral reefs influences the herbivory and algal community structure. 

Reduced structural complexity on reefs could alter herbivory, and consequently 

algal dynamics, through several mechanisms (Bozec et al. 2013, 2015). For instance, 

reduced complexity reefs provide reduced number of shelter sites for herbivorous fishes, 

which may reduce herbivory pressure resulting in increased macroalgal abundance 

(Verges et al. 2011). On the contrary, complex reefs may require high grazing pressure as 

a consequence of having large area that needs to be grazed by herbivores (Bozec et al. 

2013). At a small scale, the flattening of reef substrates could increase sediment 

accumulation, which, in turn, can reduce grazing activity and promote the growth of 

filamentous algae (Goatley and Bellwood 2013, Clausing et al. 2014). Conversely, 

benthic areas with steep slopes tend to have less sediment and higher abundance of CCA, 

including species (e.g., Titanoderma prototypum (Foslie) Woelkerling, Y.M. 

Chamberlain & P.C.Silva) that can facilitate coral recruitment (Arnold and Steneck 2010, 

Ritson-Williams et al. 2016). Therefore, the ongoing flattening of Caribbean coral reefs 

may have a strong impact on herbivores and their role as drivers of algal dynamics.  

Here, we investigated how structural complexity can mediate the influence of 

herbivory on algal community dynamics on a reef in the Florida Keys, USA. We 

manipulated the orientation of experimental substrates (horizontal vs. vertical) as a 
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proxy for structural complexity using quarried coral limestone tiles to simulating bare 

substrate created after a disturbance. To examine the interaction between substrate 

orientation and herbivory, we established these substrates in areas with low (herbivore 

exclosure plots) and high (open plots) herbivory. We expected that substrate 

orientation would determine whether herbivores strongly impact the dynamics of 

benthic macroalgae. We predicted that herbivory would strongly impact algal 

communities on horizontal substrates with filamentous turf algae dominating in open 

areas and upright macroalgae dominating in exclosures as herbivores tend to retard 

algal succession (Diaz-Pulido and McCook 2002). On vertical substrates, we expected 

that herbivory would be less important and that crustose algae would dominate vertical 

surfaces in open areas and in herbivore exclosures. 

 

METHODS 

Study site 

We conducted our experiment from August 2013 to August 2014 on a low 

relief spur and groove coral reef near Conch Reef (24°57.695'W, 80°27.230'N) in ~7 m 

of water located in the upper Florida Keys, USA. These reefs are regularly dominated 

by turf algae, often in association with sediment forming a sedimented turf matrix with 

seasonal peaks of Stypopodium zonale in the spring months and Dictyota spp. in the 

summer months (Zaneveld et al. 2016). Reefs in the Florida Keys are characterized by 

a very low sea urchin density (<0.1 Ind. m-2, Chiappone et al. 2008) and high 

abundance of herbivorous fishes (Burkepile et al. 2013) including large parrotfishes 

currently considered rare Caribbean-wide (Adam et al. 2015b).   
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 Experimental manipulation 

We used quarried coral limestone tiles (2.5 x 10 x 10 cm) to create bare vertical 

and horizontal substrates that mimic areas of reef with distinct substrate orientation 

(Fig. 3.1). We assembled four tiles next to each other to construct squares (20 x 20 cm; 

400 cm2 total area) of horizontal substrate and four tiles stacked to create vertical 

substrates with similar surface area (10 x 10 cm per side for 400 cm2 total area by 

adding all 4 sides; Fig. 3.1), without including the horizontal surface on the top of the 

vertical tiles. Because of the nature of our setup, the horizontal substrates had 40 cm of 

cracks, spaces where tiles met each other, while the vertical tiles had 120 cm of cracks. 

Thus, we only collected data on the exposed tile surfaces to minimize this difference 

confounding our measures of surface communities.  

 In order to test the impact of herbivory on algal communities, we created four 

treatments: (1) horizontal substrates in open areas, (2) vertical substrates in open areas, 

(3) horizontal substrates in exclosures, and (4) vertical substrates in exclosures. We 

placed two sets of each substrate type inside each exclosure plot (1 x 1 x 0.5 m) framed 

with stainless steel round bar and covered with PVC-coated wire mesh with 2.5 cm 

diameter holes to exclude herbivorous fishes (2 horizontal substrates and 2 vertical 

substrates within one exclosure). Another two sets of each substrate orientation were 

placed in each open plot with open access to herbivorous fishes. Thus, the substrate 

orientation treatment was nested within either exclosures or open areas. Each of these 

treatments was replicated three times (n=3 exclosures and n=3 open plots). All substrates 

were deployed in August 2013 and data collection began a month after (September 2013). 

We did not include exclosure controls as previous research suggested minimal effects of 



 51 

exclosure artifacts on algal communities in these shallow reef systems (Miller et al. 1999, 

Smith et al. 2001, Burkepile and Hay 2007). In fact, our recent study on a nearby reef 

showed no effects of exclosure controls on water flow, sedimentation, or algal 

communities using similarly designed exclosures (Zaneveld et al. 2016). However, the 

exclosures do decrease light availability to the benthos by ~15% (Ferrari et al. 2012). 

Given that the light availability common at shallow depths saturates the photosystems of 

primary producers (Carpenter 1985), the slight decrease in light availability likely had 

minimal impact on primary production or interactions among benthic organisms.  

Herbivorous fish feeding 

We recorded the grazing activity of parrotfishes and surgeonfishes on vertical 

and horizontal substrates in open plots using GoPro video cameras. Grazing activity 

was evaluated six times during the experiment: in September, October, and December 

of 2013, and February, April, and May of 2014. Cameras were placed 50 cm away 

from each plot between 10:00 and 14:00 hours to film grazing activity on both 

horizontal and vertical substrates simultaneously. To quantify grazing intensity on tile 

substrates we selected 20 random five-minute periods from the 3 to 4 hours of film 

recorded during each deployment. We identified every fish that fed to the species level 

and recorded life history stage (juvenile, intermediate, adult), as well as the type of 

substrate bitten, and the number of bites during a feeding event. We did not include 

bites on the top of the vertical substrates (the flat horizontal portion) to ensure we 

quantified bites in the same area on both vertical and horizontal substrates. 

Algal community dynamics  

Every 30 to 45 days between August 2013 and August 2014 we visually 



 52 

surveyed the benthic community on the vertical and horizontal substrates at Conch 

Reef at eight different time points. To do so, we placed a 10 x 10 cm grid divided into 

four quadrants over the substrate and visually estimated the percent of the substrate 

covered by different algal taxa to the nearest 5%. We identified algae to the lowest 

taxonomic level possible and also binned them into form-functional groups (FFG) 

following a modification of Steneck and Dethier (1994). We considered turf algae 

(hereafter “turf”) as all short (< 1 cm) filamentous algal species with little to no 

sediment trapped in the filaments. When filamentous algal communities became longer 

(2 - 10 cm height), they often trapped sediment within the filaments. Therefore, we 

classified this matrix as turf algae associated with sediment (henceforth “TAS”). When 

sediment was on the substrate but not associated with turf algae, we simply classified 

as sediment. 

Statistical analysis 

We evaluated the effect of substrate orientation on herbivore grazing rate 

obtained from videos, via a Friedman test that considered “month” as block. In order to 

meet assumptions of homoscedasticity and normality, we transformed the benthic 

percent cover data via BoxCox transformations. After transformation, we used a linear 

mixed model (LMM) to test the effects of herbivory and substrate orientation over time 

(month) for each benthic group with plot as a random factor. We assessed changes in 

community composition through time for each treatment using non-metric 

multidimensional scaling (NMDS) analyses and permutational multivariate analysis of 

variance (PERMANOVA) with the distance matrix calculated using Bray-Curtis 

dissimilarity. We also conducted a PERMANOVA to test for the combined and 
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independent effects of herbivory and substrate orientation on community composition 

at the end of the experiment. We performed descriptive and inferential analyses using 

packages vegan (Oksanen et al. 2017), doBy (Soren 2016), MASS (Venables and 

Ripley 2002), ggplot2 (Wickham 2009) from R program created by R Development 

Core Team (2016), version, 3.2.2. 

 

RESULTS 

Herbivorous fish feeding 

Overall grazing rates of herbivores grazing varied between 18.5 ± 2.8 bites hr-1 

400 cm-2 (mean ± SEM) but did not differ across time or between substrate orientation 

(horizontal or vertical) (Fig. 3.2A, Friedman test, Month, χ2
5 = 7.1,  p = 0.210, 

Orientation, χ2
5 = 0.7, p = 0.414). Grazing rates by surgeonfishes were similar on both 

substrate orientations with an average of 7.4 ± 2.0 bites hr-1 400 cm-2 on horizontal 

substrates and 4.5 ± 1.5 bites hr-1 400 cm-2 on vertical substrates (Fig. 3.2B, Friedman 

test, Orientation, χ2
5 = 2.7, p = 0.103, Month, χ2

5 = 9.2, p = 0.101). Sparisoma spp. 

parrotfishes displayed the lowest grazing rate with approximately 1.5 ± 0.6 bites hr-1 

400 cm-2 on horizontal substrates and 2.5 ± 1.1 bites hr-1 400 cm-2 on vertical substrates 

(Fig. 3.2C). Scarus spp. parrotfishes averaged 11.1 ± 3.4 bites hr-1 400 cm-2 and 10.5 ± 

4.6 bites hr-1 400 cm-2 on horizontal and vertical substrates, respectively (Fig. 3.2D). 

Neither genus exhibited preferences for substrate orientation (Friedman test, 

Orientation, Sparisoma, χ2
5 = 2.0, p = 0.849, Scarus, χ2

5 = 0.2, p = 0.655).  
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Algal community dynamics 

Substrate orientation was a strong determinant of algal community composition 

with horizontal and vertical substrates often differing regardless of herbivory (Fig. 3.3). 

On vertical substrates, crustose algae covered more than 50% of the substrate after six 

months and remained the dominant benthic group regardless of herbivory treatment 

(Fig. 3.4A, LMM, Orientation, F1,62 = 261.0, p < 0.001; Herbivory, F1,62 = 0.9, p = 

0.358; Month, F7,62 = 5.1, p < 0.001; see appendix B for complete model results). Turf 

algae were often the second most abundant algal group on vertical substrates ranging 

from 3.4 ± 0.6% to 7.3 ± 1.8% in exclosures and open treatments, respectively, and 

marginally differed between orientations (Fig. 3.4B, LMM, Orientation, F1,62 = 3.7, p = 

0.059). Upright macroalgae (Dictyota spp. and articulated calcareous algae), sediment, 

and TAS were rarely present on vertical substrates throughout the entire study 

regardless of herbivory (Fig. 3.4C-F).  

Herbivory strongly impacted algal communities on the horizontal substrates. On 

horizontal substrates in open areas, turf abundance remained below 25% for the first 

nine months after which turf cover sharply increased to more than 50% (Fig. 3.4B, 

LMM, Month, F7,62 = 7.0, p < 0.001; Month:Herbivory, F7,62 = 2.7, p = 0.016). 

Macroalgal abundance on horizontal substrates varied through time depending on the 

presence of herbivory. Dictyota spp. dominated horizontal substrates in exclosures 

during early succession with a peak of ~35% in February 2014 followed by a drop of 

abundance to less than 10% (Fig. 3.4C, LMM, Herbivory, F1,62 =19.6, p < 0.001; 

Month:Orientation, F7,62 = 4.8, p < 0.001). Turf associated with sediment (TAS) 

developed on horizontal substrates after a previous accumulation of sediment on the 
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substrates (Fig. 3.4E&F). By May 2014, TAS was the most abundant group on 

horizontal substrates covering close to 100% of the substrate (Fig. 3.4F, LMM, 

Orientation, F1,62 = 414.1, p < 0.001; Month, F7,62 = 106.8, p < 0.001). However, after 

the peak in TAS on horizontal substrates, articulated calcareous algae (e.g., Amphiroa 

spp. and Jania spp.) became the dominant macroalgal group on horizontal substrates in 

exclosure treatments, covering over 45% of the substrate by the end of the experiment 

(Fig. 3.4D, LMM, Month, F7,62 = 24.0, p < 0.001; Herbivory, F1,62 = 54.0, p < 0.001; 

Orientation, F1,62 = 27.6, p < 0.001; Herbivory:Orientation, F1,62 = 7.9, p = 0.007). 

Articulated calcareous algae were rare on horizontal tiles exposed to herbivores.  

When we assessed the overall composition of macroalgal communities, both 

substrate orientation and herbivory led to differences in community composition over 

time (Fig. 3.5, PERMANOVA, Month, F7,191 = 18.3, p = 0.010, Orientation, 

F1,191=102.63, p = 0.010, Herbivory, F1,191 = 11.0, p = 0.010, Month:Herbivory, F7,191 = 

3.85, p = 0.010, Month:Orientation, F1,191 = 12.31, p = 0.010). However, substrate 

orientation explained the highest proportion (PERMANOVA, R2 = 0.19) of change in 

algal community compared to herbivory (PERMANOVA, R2 = 0.02) and showed 

significant interaction with time (PERMANOVA, Month:Orientation, F1,191 = 12.31, p 

= 0.010).  

The NMDS suggested that the algal communities on vertical substrates 

followed similar temporal patterns regardless of herbivory. However, on horizontal 

substrates, herbivory appeared to drive a divergence of algal communities over time. 

An analysis of community similarity on communities at the end of the experiment 

showed that both herbivory and substrate orientation influenced algal community 
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composition (PERMANOVA, Orientation, F1,23 = 30.6, p = 0.010, Herbivory, F1,23 = 

5.8, p = 0.020). There was also an interaction between substrate orientation and 

herbivory (PERMANOVA, Herbivory: Orientation, F1,23 = 3.61, p = 0.020). Again, 

substrate orientation explained most of the variance in community composition (R2 = 

0.55) with herbivory explaining little of the variance (R2 = 0.08) 

 

DISCUSSION 

 The extent to which the loss of structural complexity on coral reefs mediates the 

influence of herbivory and consequently influences macroalgal and the accumulation of 

sediments on the benthos is an important, yet under-addressed topic. Here, we show that 

substrate orientation is a key driver of algal community dynamics. We found that vertical 

substrates, regardless of the presence of herbivorous fishes, were primarily dominated by 

crustose algae and little upright macroalgae. In contrast, upright macroalgae such as 

Dictyota spp. and articulated calcareous algae dominated horizontal substrates when 

herbivorous fishes were excluded. However, even in the presence of herbivores 

horizontal substrates were dominated by filamentous turf algae and sediments as opposed 

to the crustose algae that dominated vertical substrates. These distinct differences in algal 

communities on vertical and horizontal substrates persisted despite herbivory exerting 

similar grazing on both orientations. 

The influence of substrate orientation on macroalgal community composition that 

we observed may be driven by multiple abiotic and biotic factors that differ between the 

orientations. Vertical substrates are less likely to accumulate sediment, which can slow 

growth rates of CCA and reduce their abundance (Steneck 1997, Fabricius and De’ath 
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2001). Therefore, the lack of sediment on vertical tiles likely facilitated crustose algae, 

starkly contrasting horizontal substrates, which had abundant sediment (maximum of ~ 

60% cover during some periods). High sediment cover likely affected the algal 

community composition, as sediment can enable retention and growth of new algal 

propagules (Steneck 1997) and facilitate the formation of a sediment-turf matrix (TAS). 

Indeed, we observed that after eight months of sediment accumulation on horizontal 

substrates there was an increase of TAS to more than 75% cover, followed by an 

increased abundance of turf in open plots. The dominance of turf algae on horizontal 

substrates in open plots may be explained by the accumulated sediment protecting turf 

forming algae from consumption by herbivorous fishes.  

In contrast, reduced grazing pressure by herbivores drove dynamics of 

macroalgae on horizontal substrates within exclosure treatments. Herbivores on reefs 

strongly impact macroalgal succession, with macroalgae increasing rapidly when 

herbivores were absent (Smith et al. 2010, Zaneveld et al. 2016). Our results corroborate 

previous findings, as horizontal substrates exposed to herbivores consistently had low 

cover of macroalgae and high cover of filamentous turf algae that are adapted to 

environments with intense grazing from herbivores (Carpenter 1986). Yet, in herbivore 

exclosures macroalgae, particularly articulated calcareous algae that are typically rare 

where herbivory is high (e.g., Zaneveld et al. 2016), replaced turf algae over time. In 

contrast, herbivory had a negligible effect on algal communities growing on vertical 

substrates that were dominated by crustose algae regardless of exclosure status. Crustose 

algae, potentially facilitated by their ability to proliferate under lower light conditions on 

the vertical substrates, are often well defended against herbivores by their crustose thallus 
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(Steneck and Dethier 1994). In fact, herbivores often facilitate crustose algae by 

removing upright algae that would otherwise outcompete crustose taxa (Smith et al. 

2010). These results suggest that the slope of reef habitats can strongly influence benthic 

community composition, at least at small scales. 

In addition to sedimentation, light intensity could have mediated the differences in 

algal composition found between the two substrates. Although we did not measure light 

levels in our experiment, light exposure on vertical tiles was likely significantly lower 

compared to horizontal substrates as similar experiments have shown (Strader et al. 

2015). For instance, certain CCA species (e.g., Titanoderma sp.) often occur in areas with 

low light intensity (Steneck and Dethier 1994) such as deep reefs and crevices of shallow 

reefs, while other CCA species (e.g., Porolithon sp. and Lythophylum sp.) can dominate 

shallow and systems with high light exposure like algal ridges (Steneck 1986, Littler and 

Littler 2013, Dean et al. 2015). Yet, high light intensity can also reduce the growth of 

some CCA via photoinhibition (Burdett et al. 2014). The high light intensity combined 

with the inhibitory effects of increased sedimentation on the horizontal substrates may 

have made horizontal substrates more conducive for the growth of non-crustose algae 

such as filamentous algae and contributed to the differences in algal communities we 

observed (Cheroske et al. 2000, Trapon et al. 2013a, b).  

The structural complexity of reefs is often positively related to coral cover 

(Alvares-Filip et al. 2009, Graham and Nash 2013) but the relationship between 

complexity and coral recruitment is less clear. Davies et al. (2013) observed that despite 

high species-specific variation, coral recruitment was double on vertical substrates 

compared to horizontal substrates and that corals also displayed a lower mortality rate on 
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vertical substrates. The differences in algal communities between horizontal and vertical 

substrates that we saw could have a significant impact on the recruitment of corals 

(Trapon et al. 2013a, b). The abundant sediment and macroalgae on horizontal substrates 

would likely represent poor habitats for coral recruitment (Birrell et al. 2005). In contrast, 

some species of crustose coralline algae, which were abundant on vertical substrates 

regardless of herbivory, are strong facilitators of coral recruitment (Littler and Littler 

2013, Ritson-Williams et al. 2016). In fact, the few coral recruits that we found during 

our experiment were on vertical substrates with abundant crustose algae (Photos 

appendix B). Our observations suggest that the ongoing reduction of structural 

complexity in the Caribbean might negatively impact coral recruitment.  

Most of the work investigating the impact of structural complexity on coral reef 

dynamics has focused on its influence on community composition, and the behavior and 

recruitment of mobile species, particularly fishes (Holbrook et al. 2000, Verges et al. 

2011, Catano et al. 2015a, b). Fewer studies have looked at how small-scale (< 500 cm2) 

habitat characteristics could influence important reef processes such coral recruitment 

and species competition (but see Vemeij 2006, Edmunds et al. 2014, Brandlt and 

Bellwood. 2016). Our data demonstrate that the flattening of reefs at a small scale can 

significantly influence how herbivores control macroalgal communities. Therefore, coral 

reefs in transition to a less structurally complex state, as is the case for reefs across the 

globe (Alvarez-Filip et al. 2011) may need higher herbivory pressure to control enhanced 

algal growth as they become flatter. The phenomenon could represent an important 

negative feedback detracting from the resilience of coral reefs, and suggests that as a 

consequence of the ongoing flattening phenomenon of Caribbean coral reefs maintaining 
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robust stocks of herbivorous fishes is increasingly important to facilitate high levels of 

herbivory.    
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Figure 3.1 Experimental design showing the dimensions of substrates in open (left) and 
exclosure (right) plots. Notice that each vertical substrate encompasses four (10x10 cm) 
vertical walls that are the same area as horizontal substrates (20 x 20 cm = 400 cm2). 
Numbers indicate the dimensions in cm. N=3 for each open and exclosure plot.  
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Figure 3.2 Grazing rates by herbivorous fishes obtained from videos recorded in open 
plots. Points represent the number of bites taken by (A) all species of herbivorous fishes, 
(B) Acanthurus spp., (C) Sparisoma spp., or (D) Scarus spp.  Data are means ± SE. 
Statistics are from Friedman tests. 
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Figure 3.3 Photographs of community composition on experimental substrates at the end 
of the year-long experiment: (A) Exclosure-Horizontal, (B) Exclosure-Vertical, (C) 
Open-Horizontal, and (D) Open-Vertical substrates. Photos were taken on 10 x 10 cm 
section of the substrates.  
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Figure 3.4 Abundance of different benthic groups through time in different treatments: 
horizontal substrates in exclosure plots (Exclosure-Horizontal), vertical substrates in 
exclosure plots (Exclosure-Vertical), horizontal substrates in open plots (Open-
Horizontal) and vertical substrates in open plots (Open-Vertical). (A) crustose algae, (B) 
turf algae, (C) Dictyota spp., (D) articulated calcareous algae, (E) sediment and (F) turf 
associated with sediment (TAS). Data are means ± SE. Statistics show significant effects 
from linear mixed models. See appendices for full model outputs.  
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Figure 3.5 Trajectory of macroalgal community composition using non-metric 
multidimensional scaling (NMDS). The treatments represent: horizontal substrates in 
exclosure plots (Exclosure-Horizontal), vertical substrates in exclosure plots (Exclosure-
Vertical), horizontal substrates in open plots (Open-Horizontal) and vertical substrates in 
open plots (Open-Vertical). Asterisk (*) represent the first time point after the benthic 
community developed (month 1) and pound symbol (#) indicates the final time point. 
Statistics are results of PERMANOVA. See appendices for full model outputs. 
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ABSTRACT 

Coral reefs in the Florida Keys remain a challenge to a common paradigm 

describing the resilience of western Atlantic reefs. Despite high abundance of large 

herbivorous fishes that graze macroalgae and limit their deleterious effects on coral 

demographics, corals have continued to decline in recent decades. While disease, 

bleaching, and storm damage are important for adult coral mortality, other factors may be 

compromising the recruitment, post-settlement survival, and growth of small corals 

necessary for positive trajectories of coral cover. To study the potential factors affecting 

coral recovery in the Florida Keys, we assessed abiotic variables (substrate slope, depth, 

and abundance of sediment and structural complexity) and biotic variables (benthic 

composition and herbivory pressure) along multiple habitats found in six spur and groove 

reefs. We then used abiotic and biotic variables to test for the relative influence of each 

factor for explaining the abundance of corals using boosted regression tree (BRT) 

analysis. We found overall low coral cover (~1%) and low density (approximately 1 coral 

m2) of small adult corals, which likely reflecting the cumulative effects of years of 

diseases and bleaching events. Our BRT analyses suggest that the high abundance of 

sediment is contributing to limited coral recovery. The presence of juvenile corals was 

negatively correlated with sediment depth and abundance of Dictyota spp. and positively 

correlated with substrate slope (steeper slopes have reduced sediment build up). Increased 

abundance and depth of sediment also reduce the presence of the three most commonly 

found coral genera (Siderastrea, Agaricia, and Porites). While the abundance of turf 

algae appears to positively correlate with abundance of the adult corals, the abundance of 

sediment had a negative impact on corals. Furthermore, adult communities were 
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dominated by Siderastrea, a stress-tolerant genus. Our results illustrate that abundant 

sediments may be an important factor preventing recovery of corals in the coral-

depauperated Florida Keys reefs, despite relatively high grazing pressure that is typically 

associated with coral recovery. Consequently, grazing and coral cover trajectories are 

decoupled in the region, and additional management initiatives are required to aid reef 

resilience. 

 

INTRODUCTION 

Several biotic factors (e.g., larval input, primary production, herbivory pressure), 

abiotic factors (e.g., light intensity, water temperature, nutrient levels, sedimentation), 

and natural disturbances (e.g., tropical storms, outbreaks of predators and diseases), 

influence structure and dynamics of coral reefs (Done et al. 1996, Harborne et al. 2016). 

Alterations of one or more factors (e.g., increased nutrient availability and sediment 

deposition, reduction of herbivorous fishes) as well as intensification of natural 

disturbances, can stress and kill corals, the foundation species of coral reefs, leading to 

overall ecosystem degradation (Baker et al. 2008, Bozec et al. 2015). Anthropogenic 

stressors such as overfishing of herbivores and eutrophication can then limit reef coral 

resilience after disturbance (Mumby 2006, Hughes et al. 2010). Therefore, protection of 

herbivorous fishes that control macroalgae, a major competitor of corals, as well as 

reduction of nutrient input that fuels algal growth, have shown to facilitate coral reef 

resilience (Mumby et al. 2007, Adam et al. 2015a, D’Angelo and Wiedenmann 2014). 

Nevertheless, many coral reefs (e.g., South Florida) have failed to regain coral cover 

despite years of effective protection of herbivorous fishes (Toth et al. 2014) suggesting 
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that alternative factors (e.g., natural or human-produced sedimentation) might be limiting 

processes of coral recovery (Burkepile et al. 2013, Begin et al. 2015, Suchley et al. 2016). 

The Florida Keys reefs are bounded to the north by a transitional zone from 

tropical to temperate characteristics that limits their northward expansion (Engle and 

Summers 1999, Walker 2012, Walker and Guilliam 2013). Multiple habitats on Florida’s 

reefs were historically characterized by high, though variable coral cover and the 

presence of massive and branching reef-building coral species (Dustan 1977, Jaap 1984, 

Burns 1985). Repetitive disease outbreaks (e.g., black band disease in Orbicella, white 

band disease in Acropora, Porter and Meier 1992, Aronson and Precht 2001, Dendrogyra 

cylindrus, Lewis et al. 2017) and extreme thermal stress events (Lirman et al. 2011, 

Manzello 2015) have led to current low (<5%) coral cover across much of the Florida 

Keys (Ruzicka et al. 2013). However, macroalgal abundance remains low (~28%, Schutte 

et al. 2010), despite the abundant free space for colonization, likely because the Florida 

Keys have large, well-protected populations of herbivorous parrotfishes. Parrotfishes, 

including large scarids such as Scarus guacamaia and S. coelestinus that are absent from 

much of the wider Caribbean as a result of overharvesting, exert strong top-down control 

over macroalgal communities (Paddack et al. 2006, Adam et al. 2015a, b). Coral-

depauperate reefs in the Caribbean are usually associated with overfishing of herbivorous 

fishes and or nutrient pollution causing uncontrolled growth of algae (e.g., Lobophora 

variegata and Dictyota spp., Mumby 2009, Lapointe et al. 2011, Jackson et al. 2014). 

The fact that reefs in the Florida Keys are located at the latitudinal margins of reefs 

systems, have abundant herbivorous fishes leading to low algal cover, and have low coral 

cover despite significant coral larvae input (Toth et al. 2014, van Woesik et al. 2014), 
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make Florida Keys reefs an atypical case within the wider Caribbean. In addition, the 

offshore reefs are also relatively nutrient limited suggesting that nutrients should not be 

inhibiting corals or be facilitating algal growth (Zaneveld et al. 2016).  

The processes that impact the recruitment of corals and subsequent coral recovery 

are multifaceted and complex (Doropoulos et al. 2016). The removal of turf and upright 

macroalgae by herbivores is important to facilitate coral recruitment, as abundant algae 

can limit space available for larval settlement and reduce survival and growth of new 

recruits (Kuffner et al. 2006, Box and Mumby 2007, Hoey et al. 2011). However, other 

factors also strongly impact coral recruitment such as substrate properties (e.g. texture, 

color, orientation, sediment load) (Birrell et al. 2005, Davies et al. 2013) and microhabitat 

benthic composition including relative abundance of coral recruitment facilitators (e.g., 

crustose coralline alga Titanoderma prototypum) and coral recruitment inhibitors such as 

invertebrates (Nozawa 2008, Arnold and Steneck 2011, Brandl et al. 2013). For instance, 

coral larvae preferentially settle and have higher survival on vertical and rough substrates 

covered by crustose coralline algae, but avoid turf and sediment-rich substrates (Birrell et 

al. 2008, Arnold and Steneck 2011, Davies et al. 2013). Thus, given the high herbivory 

(Adam et al. 2015a, b), the above factors might be contributing to the lack of coral 

resilience in the Florida Keys reefs.  

Our study investigated the role of abiotic (sediment, substrate slope, and rugosity) 

and biotic factors (herbivory and benthic community composition) in influencing the 

composition of coral communities on reefs in the Upper Florida Keys, USA. We focussed 

our research on the following primary question: What is the relative influence of abiotic 

and biotic factors on abundance of juvenile and adult corals, and which factors appear to 
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limit reef recovery in Florida? Since physical characteristics of the substrate likely 

influence benthic community composition, including the abundance of corals, we first 

studied benthic communities along with multiple physical characteristics (slope and 

rugosity of the substrate and depth of the sediment layer) across six spur and groove coral 

reefs. Our benthic data revealed intra-habitat differences thus we recorded grazing 

activity of herbivorous fishes in plots covering the range of intra-habitat variability. We 

used boosted regression trees to evaluate the relationship between biotic and abiotic 

characteristics and their relative influence on the presence/absence of juvenile and adult 

corals. We predicted that presence of juvenile and adult corals is primarily impacted by 

abiotic factors, particularly sediment, given that rates of herbivory are likely very high at 

the studied sites. Since sediment is more likely to accumulate on horizontal and flat 

substrates, we also hypothesize that less physically complex substrates (less rugose) with 

lower slope will reduce the likelihood of corals persistence.  

 

METHODS 

Study sites 

Our research was conducted in the summer of 2015 along shallow (5 to 8 m) fore 

reefs located approximately 10 km off the upper section of the Florida Keys, USA (Fig. 

4.1A). Our sites encompassed low to high-relief spur and groove reef formations 

spanning a gradient of benthic assemblages and structural complexity from almost flat, 

gorgonian-dominated plains to more complex spur tops communities, and encompassed 

the steep (>45 degrees) sides of spurs and hard-bottom patches within sandy spurs (Fig. 

4.1B&C). 
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Benthic community composition 

We first described the benthic community composition, where corals are likely to 

settle and develop, and its relationship with physical habitat characteristics (e.g., substrate 

slope, sediment depth, and rugosity). We surveyed the benthos in 25 (50 x 50 cm) 

quadrats placed every two meters along eight fixed (50 m) transects per site (n=200 

plots/site). We photographed each 50 x 50 cm quadrat to analyze the benthic composition 

in the lab using Coral Point Count with Excel extensions version 4.1 (CPCe, Kohler and 

Gill 2006) with a modified code. Turf algae were classified as a multi-species (e.g. 

Polysiphonia spp, Ceramium spp.) algal assemblage forming a layer <1 cm tall. We 

binned all species of crustose coralline algae into a single group (CCA). Species from the 

genus Peyssonnelia, a non-coralline crustose alga, were classified as a single group 

(Peyssonnelia). Percent cover from each plot was calculated from 25 points generated 

following a stratified-random distribution within each photo-quadrat. For each coral 

colony within a plot, we measured the size as the maximum colony diameter of corals 

larger than 4cm in diameter. We surveyed coral juveniles (colonies ≤4cm in diameter) in 

situ within the southwest quarter (25 x 25cm) of each plot. Each juvenile was measured 

and identified to genus level. We divided the number of coral juveniles by 0.0625 (area 

surveyed in m2) to estimate the density of a square meter (no. juveniles m-2).  

Since physical characteristics can determine benthic composition, such as 

abundance of CCA (e.g., sediment load and slope of the substrate, see Fabricius and 

De’ath 2001) including coral recruitment facilitators (Arnold et al. 2010), we collected 

information on abiotic reef characteristics in each plot, including rugosity, sediment layer 

depth, and substrate slope. Rugosity index (RI) was used as a proxy of structural complexity 
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(Risk 1972). We estimated RI using a 50 cm chain (link ~ 1 cm length) laid within each 

50 x 50 cm quadrat, parallel to the transect line and measured the linear length. We 

calculated RI by dividing the linear length covered by the chain within the plot by the 

total length (50 cm) of the chain. Sediment depth (mm) was measured using a pencil 

calibrated with 1mm increments. The pencil was inserted vertically into the sediment 

layer until it reached hard substrate. We recorded the slope of the substrate (i.e., the angle 

from horizontal) using a protractor with a string connected to a small foam float. Small 

angles correspond to relatively flat (horizontal) substrate, where higher degree angles (up 

to 90°) were associated with vertical substrates. 

Sediment was usually trapped within turf algae, forming a sediment-turf matrix. 

In order to quantify the sediment-turf matrix, we first measured the depth of the sediment 

layer of the matrix in five plots at 1m, 11m, 21m, 31m, and 41m along each transect 

(n=40/site). Then, we removed sediment by perturbing the water with a manual bilge 

pump until we fully exposed the turf algae that was entangled within the sediment-turf 

matrix. Finally, we used a calibrated pencil to record the length of the exposed turf algae.   

Grazing rate of herbivorous fishes 

To assess potential intra-habitat variability in herbivory, we videotaped 50 x 50 

cm plots covering the range of reef habitats [i.e., plain (n=24), spur wall (n=23), flat spur 

top (n=23), rugose spur top (n=23) and groove (m=21)]. We chose plots located close to 

our transects that represent specific reef habitats as shown in Fig. 4.1B. We videotaped 

each plot for approximately 3 hours (during peak feeding time between 1000 and 1400) 

using GoPro cameras. We analyzed one hour of video (beginning approximately 1 hour 

after the camera was set up) from each plot and recorded the size, species, and entry and 
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exit time of each fish observed within the plot. We recorded the number of bites taken by 

each herbivorous fish while identifying the species and estimate its size (TL). We 

estimated the weight of each herbivore using the length-weight equation following 

Bohnsack and Harper (1988) and Claro and Parenti (2001). Given that larger fishes often 

take larger bites and have a larger impact on algal communities (Lokrantz et al. 2008) we 

obtained a biomass-weighted metric of herbivory. We multiplied the total number of bites 

taken by each fish by the fish weight to account for the different impacts of bites by 

differently-sized fishes.  

Statistical analysis  

We averaged abiotic and biotic variables by habitat, transect, and site. The data 

were used in a nonmetric-multidimensional scaling analysis (NMDS) followed by 

permutational analysis of variance (PERMANOVA) to compare benthic community 

composition across sites and habitats (R package vegan, Oksanen et al. 2017). The 

relationship among abiotic variables (slope, rugosity, and sediment depth) was analyzed 

using a linear mixed model (R package lme4, Bates et al. 2015) where “habitat” and 

“transect” were nested within “site” and all were random variables. Except for the 

abundance of CCA, that was log transformed, all data met the assumptions for linear 

models. To test for the relationship between abiotic variables (fixed factors) and 

abundance (% cover) of benthic groups we ran four linear mixed models with “habitat” 

and “transect” nested within “site” as random variables. Model selection was based on 

Akaike Information Criterion (AIC).  The model explaining most variation (lowest AIC) 

was used to estimate the influence of predictive variables using R Package car (Fox and 

Weisberg 2011). We log-transformed the biomass-weighted metric of herbivory to 
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achieve a normal distribution, then compared data among habitats and sites using a linear 

model.  

Predicting drivers of coral communities 

Because of low coral abundance across all habitats and sites, we tested for the 

influence of biotic and abiotic variables using presence and absence data of juvenile and 

adult corals using a logistic error structure (binomial distribution). We combined benthic 

community composition data with grazing pressure and used a Boosted regression tree 

(BRT) model (tree complexity = 5, learning rate = 0.005) following Elith et al. (2008) 

using the gbm package in R (Ridgeway 2008). We choose BRT over conventional models 

(e.g., general linear models) because, among other advantages, BRT is better equipped to 

handle interactions between predictors and are less sensitive to outliers (Elith et al. 2008). 

The deviance plots as well as total and residual deviance resulting from each BRT model 

can be found in appendix C (Fig. C4-C8). We ran all descriptive analysis, graphs, and 

models with R version, 3.2.2 (R Development Core Team 2016).  

 

RESULTS 

Benthic community composition  

Our study sites displayed a gradient of reefs that ranged from almost complete 

horizontal substrates covered by sediment (plain) to more diversified algal 

communities (e.g., CCA, Turf and Dictyota spp.) in habitats with steeper and more 

physically complex substrates such as spur top and wall of the spurs (Fig. 4.2). 

Sediment, turf, CCA and Dictyota spp. dominated benthic communities across all 

habitats and study sites (Table C1, Fig. 4.2). Differences in community composition 
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among habitats explained almost double the variation explained by reef site 

(PERMANOVA, habitat, R2 = 0.37, F4,141 = 28.1, p = 0.010, site, R2 = 0.21, F5,141 = 

13.0, p = 0.010).  

Slope of the substrate was positively related to rugosity (Fig. C1A, LMM, χ2
 = 

5.8, p = 0.015) but only slope significantly decreased depth of the sediment layer (Fig. 

C1A, LMM, slope, χ2
 = 10.6, p = 0.001, rugosity, χ2

 = 1.00, p = 0.317). Percent cover 

of sediment decreased with both slope (Fig. C1A, LMM, χ2
 = 17.2, p < 0.001) and 

rugosity (Fig. C2B, LMM, χ2
 = 23.2, p < 0.001) of the substrate reaching the highest 

value (> 70%) at the least complex and more horizontal habitats, groove and plain 

(Table C1).  

Slope and sediment depth displayed significant interactions (LMM, slope:site, 

χ2
 = 23.5, p < 0.001, sediment depth:site, χ2

 = 21.6, p = 0.001, slope:sediment, χ2
 = 

17.0, p = 0.004). The abundance of Dictyota spp. averaged 33 ± 3% and 30 ± 1% at 

rugose spur top and spur wall habitats which comprised approximately double the 

abundance found at lower rugosity habitats, groove (16 ± 1%) and plain (18 ± 1%)  (Fig. 

4.2).  The abundance of Dictyota spp. and turf increased with rugosity and was highest 

at the two reef habitats with greatest substrate rugosity, spur wall and rugose spur top 

(Table C1, Fig. C2D&H, turf, χ2
 = 17.1, p < 0.001, Dictyota spp., χ2

 = 4.5, p = 0.034). 

Other species of macroalgae such as Lobophora variegata were practically absent (> 

1% cover). 

Surprisingly, abundance of CCA was neither related to rugosity nor to slope of 

the substrate (Fig. C2E&F, rugosity, χ2
 = 0.5, p = 0.463, slope, χ2

 = 2.0, p = 0.158). 
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However, the abundance of CCA decreased rapidly with sediment depth at some sites 

where CCA became almost undetectable in areas with more than 1 mm depth sediment 

(Fig. 4.3A, sediment depth: site, χ2
 = 30.1, p < 0.001). Similarly, percent cover of turf 

algae decreased with sediment depth (Fig. 4.3B, χ2
 = 51.5, p < 0.001). Our sediment 

removal plots showed that sediment depth was tightly coupled with turf length (Fig. 

4.3C, χ2
 = 491.6, p < 0.001) which form commonly found sediment-turf matrix.  

Fish abundance and grazing activity of herbivorous fishes 

We found that the number of herbivorous fishes visiting plots in both rugose 

habitats and flat spur tops (~50 ind. hr-1) was approximately double the number in 

plain (27 ± 3 ind. hr-1) and spur wall (17±5 ind. hr-1) plots, regardless of site (LMM, 

habitat, F4,99 = 10.03, p < 0.001, site, F4,99 = 0.73, p = 0.576). Herbivorous fish showed 

lower grazing pressure on plain (96 ± 20 bite plot hr-1) and spur wall habitats (31 ± 23 

bite plot hr-1) compared to the other three habitats that ranged from 195 ± 28 bites plot 

hr-1 (flat spur top) to 230 ± 40 bite plot hr-1 (rugose spur top), irrespective of site 

(LMM, habitat, F4,99 = 7.46, p < 0.001, site, F4,99 = 1.19, p = 0.320). Similarly, 

herbivory pressure, the product of number of bites taken by fish weight, was lowest at 

spur wall habitats (4063 ± 2927 bite g plot Hr-1) while the groove and rugose spur top-

ranked the highest with 22299 ± 6362 bite g plot Hr-1 and 22416 ± 5065 bite g plot Hr-1, 

respectively (LMM, habitat, F4,99 = 18.24, p < 0.001).  

Predicting drivers of coral communities 

Coral cover was very low (1.0 ± 0.1%) across all sites (LMM, χ2
 = 9.0, p = 

0.108) and rugosity of the substrate was the only abiotic or biotic variable that was 
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individually significant (LMM, rugosity, χ2
 = 4.2, p = 0.040). The density of juvenile 

(≤4cm) corals averaged 13.1± 0.6 coral m2 with communities dominated by Agaricia 

(35% of juvenile corals), Siderastrea (29% of juvenile corals) and Porites (28% of 

juvenile corals) (Fig. C3A&B). We found more than 50% (n=604) of the total number of 

plots (n=1086) did not contain juvenile corals, thus we used analyses of presence/absence 

for this zero-inflated data set. The boosted regression tree model revealed that 

presence/absence of juvenile corals was primarily driven by the depth of sediment layer 

(~20% relative influence), the slope of the substrate (~18% relative influence) and 

abundance of Dictyota spp. (~16% relative influence) (Fig. 4.4A&B). Presence of 

juvenile corals of both Siderastrea (~40% relative influence) and Porites (~20% relative 

influence) was positively related to the density of all adult corals Fig. 4.5A&C). 

Abundance and depth of sediment were the best predictors of juvenile corals of Agaricia 

(~ 40% relative influence both combined) the second best predictor (after density of adult 

corals) of Siderastrea (Fig. 4.5A&B). In contrast, the abundance of Dictyota spp. (~14% 

relative influence) was the second-best predictor of juveniles of Porites followed by the 

abundance of sediment with approximately 13% relative influence (Fig. 4.5C).  

The density of adult corals (>4cm) was low across all habitats (0.8 ± 0.1 coral m-

2), which represents approximately 90% fewer adult corals compared to the density of 

juveniles (Fig. C3C). Approximately 60% of all (n=214) adult colonies belonged to 

Siderastrea (Fig. C3D). The abundance of turf was the best positive predictor related to 

the presence of adult corals while the abundance of sediment (sediment cover) was the 

best negative predictor (Fig. 4.6A&B). Abundance of CCA was the weakest predictor of 

presence/absence of both juvenile and adult corals.  Noticeably, juvenile and adult 
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colonies of large reef-building corals such as Orbicella and Acropora represented 

approximately 3% of both juvenile (n=25) and adult (n=8) coral communities (Fig. C3 

B&D).  

 

DISCUSSION 

Overfishing has depleted abundance of herbivorous fish in the western Atlantic 

leading to reduced top-down control on macroalgal communities with negative 

implication for coral reef resilience (Jackson et al. 2014). South Florida coral reefs 

represent a special case where there is still high a abundance of large herbivorous fish 

species. The low resilience of Florida Keys reefs despite a significant supply of coral 

larvae (van Woesik et al. 2014) and high abundance of herbivorous fish suggest that 

suitable habitat conditions for coral to settle and grow might be the limiting recovery 

factor. Our results showed that abundance and depth of the sediment layer are major 

factors affecting both juveniles and adult corals, particularly if the substrate is flat 

(steeper slopes have reduced sediment build up). We found extremely low coral cover 

and communities of juveniles dominated by so-called weedy species (Knowlton 2001) of 

genera, Porites, Agaricia, and Siderastrea. The density of adult colonies was very low 

and primarily dominated by Siderastrea.  

There is substantial evidence that sediment has deleterious effects on juvenile and 

adult corals (Rogers 1990, Jones et al. 2015). Negative effects of sedimentation include 

reduction of fertilization rates (Jones et al. 2015), recruitment (Birrell et al. 2005), coral 

growth (Rogers 1990), and complete or partial coral colony mortality (Flores et al. 2012). 

Reef habitats with a high percent cover of sediment were ubiquitous across our study 
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sites, suggesting that sediment might be creating unsuitable conditions for the settlement 

and growth of coral recruits. In support of this hypothesis, we found that Siderastrea was 

the dominant genus of the fewer (approximately 10% of the number of juveniles) adult 

corals. Siderastrea is temperature and sediment tolerant coral genus (Lirman and 

Manzello 2009) and thus the most likely to thrive under high sediment conditions.  

 In addition to the negative effect of sediment, parrotfish predation on corals can 

have a substantial impact on coral colonies (Roff et al. 2011, Mumby 2009). For instance, 

Rotjan et al. (2006) showed that chronic coral predation can delay the process of coral 

recovery after disturbances. In places with low coral cover and high abundance of 

corallivore parrotfish such as South Florida, coral predation often increases leading to 

overall detrimental effects on coral communities.  

The second detractor of coral communities, in order of relative influence, was the 

abundance of Dictyota spp. Species within the genus (e.g., Dictyota pulchella) have been 

shown to reduce the growth of newly settled corals, specifically via physical abrasion, 

shading, or other physical mechanisms (Box and Mumby 2007). We did not specifically 

identify the species of Dictyota found in our study, but morphology and size of 

commonly found specimens suggest that species of Dictyota differ in abundance across 

habitats. In exposed habitats such as plain and flat spur top, upright species resemble 

those of D. pulchella, D. caribbea, and D. menstrualis (author’s personal observations). 

Similar morphology of fleshy algae (e.g. Liagora sp.) has also shown to physically inhibit 

settlement and develop of corals (Box and Mumby 2007, Doropoulos et al. 2014). 

Macroalgae such as Lobophora variegata with similar prostrate morphology can decrease 

survival and growth of coral, likely via abrasion (Box and Mumby 2007). This suggests 
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that Dictyota found in our surveys might impact coral juvenile physically (e.g. abrasion), 

via allelopathic interactions (Rasher et al. 2011), or simply via pre-emption of the 

substrate and thus reduction in available space for recruits (Kuffner et al. 2006).  Other 

commonly seeing algae in Caribbean coral reefs such as Lobophora variegata were 

practically absent.  

Turf and CCA displayed low abundance, yet they might still influence corals, 

particularly at rugose spur top and spur wall. Turf algae either associated with sediment 

or not have been shown to reduce coral settlement (Birrell et al. 2005, Arnold et al. 

2010). In the case of CCA, only a few species (e.g., Titanoderma prototypum) facilitate 

coral recruitment (Arnold et al. 2010, Ritson-Williams et al. 2010). Furthermore, we did 

not find evidence that CCA influenced the density of juvenile or adult corals, suggesting 

that the most common species in our sites might not facilitate coral settlement. In support 

of this hypothesis, the most common crustose algae, at least on rugose spur tops, was a 

thick crustose alga with a smooth surface likely belonging to genus Porolithon.  

Benthic composition, substrate texture and color, the abundance of micro-refuges, 

and orientation are among the many factors that can influence coral settlement (Nozawa 

2008, Davies et al. 2013, Strader et al. 2015, Webster et al. 2015). Our findings show that 

across the five identified reef habitats, the conditions are likely unsuitable for newly 

settled corals to grow. Pooling the abundance of sediment and Dictyota spp., major 

predictors with a negative influence on juvenile corals (CCA is still unclear since a higher 

taxonomic resolution is needed), they cover >50% of the benthos. This suggests that coral 

larvae have a low likelihood of finding favorable conditions to settle on these reefs. Our 

results support the hypothesis proposed by van Woesik et al. (2014), that larval supply 
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does not seem to be the main cause of low coral recruitment in the Florida Keys reefs, but 

rather, the lack of substrate with suitable habitat quality for settlement and survival of 

recruits. Further studies are needed to evaluate the effect of sedimented-turf on settlement 

and survival of new settle corals. 

The Florida Keys Reefs have experienced severe (>75%) loss of corals in the last 

50 years caused by several disturbances including cold-water stress events (Burns 1985, 

Lirman et al. 2011), coral diseases (Porter and Meier 1992, Kuta and Richardson 1996), 

and bleaching events (Manzello 2015), resulting in a dramatic decline in coral cover 

(Lewis et al. 2017). As a result, the current coral cover is less than 5% across the outer 

reefs (spur and groove reefs) Florida Keys-wide (Rutten et al. 2008, McClenachan et al. 

2017). Unlike other Caribbean reefs (e.g., Discovery Bay, Jamaica), protection of 

herbivorous fishes has kept high herbivory pressure in the Florida Keys with the potential 

to maintain low macroalgal states. However, the positive result of protecting herbivorous 

fishes on coral communities might be obscured by the current high abundance of 

sediment that creates unfavorable habitat conditions for settlement, survival, and growth 

of corals. Our results suggest that along with protection of herbivores further strategies 

are needed to save the Florida Keys reefs. 
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Figure 4.1 Study sites (A), graphical representation of the reef habitat within 
spur and groove formation, and (C) proportion of habitats by study sites.  
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Figure 4.2 Abundance of major taxa by reef habitat, groove (A), plain (B), flat spur top 
(C), rugose spur top (D) and spur wall (E). The bars indicate average (±SE). Non-
Multidimensional Scaling Analysis (NMDS) contrasting reef habitats and sites (F). 
Statistics resulted from permutational analysis of variance (PERMANOVA). 
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Figure 4.3 Relationship between abundance of CCA (A) and turf (B) in relation to 
sediment depth. Panel C illustrates the relationship between the sediment depth and the 
length of turf algae found after removing the sediment layer. Points represent the average 
cover, the line indicates the linear relationship and shaded area the standard error. 
Statistics resulted from the Linear Mixed Model (LMM). 
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Figure 4.4 Relative influence of factors driving presence of juvenile (≤4cm) (A) corals. 
Average (±SE) density of juvenile corals as a function of sediment depth. 
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Figure 4.5 Relative influence of factors driving presence of juvenile (≤4cm) corals of the 
most abundant genera, Siderastrea (A), Agaricia (B) and Porites (C). 
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Figure 4.6 Relative influence of factors driving presence of adult (>4cm) (A) corals. 
Average (±SE) density of adult corals as a function of sediment abundance.  
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ABSTRACT 

Understanding temporal and spatial variation of coral reef communities allows us 

to analyze the relative effects of local stressors, such as fishing and eutrophication, and 

global stressors, such as ocean warming. To test for spatial and temporal changes in coral 

reef communities, we combined recent benthic and fish surveys from 2016 with long-term 

data, dating back to the late 1990s, from four zones located at different distances from 

Central Havana, largest Cuban population center. These changes may indicate the shifting 

importance of local versus global stressors affecting reef communities. Regardless of the 

distance from Havana, we found that coral cover was uniformly low (~10%), whereas 

macroalgal abundance was often high (~65%). Similarly, fish biomass was low across 

zones, particularly for herbivorous fishes (~12 g m-2) that are critical ecological drivers of 

reef structure and coral resilience. Analyses of longer-term trends showed that coral cover 

near Havana has been below ~10% since at least 1995, potentially because of local 

stressors. In contrast, reefs further from Havana maintained relatively high coral cover 

(~30%) until the early 2000s but declined more recently to ~15%, putting them near the 

Caribbean-wide average. These distinct spatial and temporal trajectories of reef 

communities may be the result of the expansion of local stressors away from Havana as 

the human population increased or fishers ventured farther away to exploit new resources. 

Alternatively, the more recent decline of reefs farther from population centers may have 

resulted from increasingly frequent global stressors, such as bleaching events and 

hurricanes.  

 

 



 102 

INTRODUCTION 

 The impact of global and local stressors including climate change, ocean 

acidification, overfishing, and coastal pollution have caused a dramatic decline in coral 

reefs world-wide (De’ath et al. 2012, Roff and Mumby 2012, Fabricius et al. 2014). 

Some studies suggest that global stressors (e.g., climate change) exert the strongest 

control over coral reef health (e.g., Spalding and Brown 2015, Bruno and Valdivia 2016, 

Hughes et al. 2017), while others emphasize that human activities at a local scale might 

be the determinant factor of coral reef resilience (e.g., Jackson et al. 2014, Cinner et al. 

2016). It is likely that both global and local stressors act concurrently with additive or 

synergistic effects (Harborne et al. 2017). For instance, localized nutrient enrichment can 

interact with regional thermal stress events to increase the susceptibility of corals to 

diseases and bleaching (Vega-Thurber et al. 2014). Consequently, the interaction of 

multiple stressors may determine the function of coral reefs (Ban et al. 2014), and thus 

explain site-specific variation in the condition of coral reefs. 

 The frequency and intensity of coral bleaching driven by thermal stress events, 

one of the most prevalent global and regional stressors, have increased dramatically since 

the 1980s (Hoegh-Guldberg 1999). Accordingly, the number of coral reefs affected by 

bleaching events tripled between 1985-2012 (Heron et al. 2016), contributing to the 

accelerating loss of coral cover world-wide (Roff and Mumby 2012). For example, the 

Caribbean Sea has been warming by roughly 0.29 °C per decade (Chollett et al. 2012), 

causing multiple severe bleaching events (Oxenford et al. 2008, Jackson et al. 2014). The 

conspicuous loss of coral throughout the Caribbean (~ 50% since 1970s) has been largely 

attributed to coral diseases, bleaching events, storms, and the subsequent failure of corals 
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to recover (Aronson and Precht 2006, Bruno and Valdivia 2016). Losses are often 

particularly pronounced in areas where overfishing has reduced herbivory and 

macroalgae are abundant (Jackson et al. 2014). Today’s Caribbean coral reefs are the 

result of current and past impacts of global, regional and local stressors.  Yet 

disentangling the primary drivers of reef decline is challenging because of the paucity of 

long-term data and the many potential factors that can influence reef health. 

The Cuban mainland is the largest island in the Caribbean and exhibits significant 

variation of coastal geomorphology (e.g., wide and shallow shelf with patch reefs to 

narrow shelf with a series of terrace reefs) bordered by coral reefs with varying levels of 

human impact (Claro et al. 2001, Pina-Amargos et al. 2013). The less impacted reefs are 

typically fully protected and distant from major cities (e.g., Gardens of the Queen) 

whereas others, such as the reefs in northwestern Cuba near Havana, are heavily 

impacted by anthropogenic activities (Gonzalez-Diaz et al. 2003, Gonzalez-Sanson et al. 

2009, Pina-Amargos et al. 2013). Yet temporal analyses of the trajectory of Cuban coral 

reefs are surprisingly rare (but see Jackson et al. 2014).  

The northern reefs of Havana (from Cabañas to Bacunayagua) exhibit spatial 

variation in fish and benthic community structure in relation to local anthropogenic 

drivers (Herrera and Alcolado 1983, Gonzalez-Diaz et al. 2003, Gonzalez-Sanson et al. 

2009). In 2012, the City of Havana had a population of more than two million 

individuals, with 20,019 Ind. km-2 and 40,984.2 Ind. km-2 in Habana Vieja and Centro 

Habana respectively, the two closest municipalities to Havana Bay (Cuban office of 

Statistics, 2016). In addition to heavy artisanal fishing pressure, reefs of Havana are also 

exposed to pollutants that include heavy metals, fertilizers, and other inorganic and 
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organic compounds released into the coastal area through two main sources, Havana Bay 

(Armenteros et al. 2009) and the Almendares River (Graham et al. 2011), as well as other 

less conspicuous sources such as street drainage and smaller rivers. As a result, the coral 

reefs in northwest Cuba have suffered from long-term impacts of localized anthropogenic 

activities such as overfishing and pollution that likely decrease in impact with increasing 

distance from the city (Herrera and Alcolado 1983, Gonzalez-Diaz et al. 2003, Gonzalez-

Sanson et al. 2009).  

This gradient of anthropogenic effects, along with the availability of long-term 

data of coral and algal abundance from published and unpublished reports, allowed us to 

analyze the spatial and temporal changes in benthic and fish communities in northwest 

Cuba as potential indicators of the shifting importance of local versus global drivers of 

reef communities. Specifically, we aimed to answer the following questions: (1) How 

does the reef benthic community and fish community change with increasing distance 

from Havana? and (2) How has the benthic community changed through time across this 

distance gradient? To address these questions, we assessed nutrient availability, reef 

structural complexity, and benthic and fish community composition of coral reefs at 

increasing distances from Havana in 2016. We also compiled existing data on benthic 

communities to look for temporal changes in coral and macroalgal abundance within the 

region as well as examine the frequency of coral bleaching events and hurricanes. We 

anticipated that the historically high fishing pressure and poor water quality near Havana 

have led to a gradient in declining reef condition (e.g., lower coral cover, higher algal 

abundance, and lower fish biomass) with proximity to the city. At more distant sites, we 

expected to see a gradual decline in coral cover and rise in macroalgae over time as local 
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stressors expanded from the human population center and global stressors such as coral 

bleaching events became more prevalent.  

 

METHODS 

Study site 

The northwest coast of Cuba is a narrow shelf characterized by a flat submarine 

terrace that drops smoothly to an edge (8-10 m) approximately 150 to 300 m from the 

shoreline. From the terrace edge, the shelf drops vertically to a deeper terrace (> 12 m) 

followed by spur and groove formations with distinct levels of development. Our study 

region included seven reef sites located at the terrace edge distributed along a 120 km 

stretch of the Havana shelf (from Bacunayagua to Cabañas following the old 

administration division). Each reef was located at different distances from Havana, with 

the center of Havana Bay used as the reference point for the city (henceforth “Zone 0”; 

see Fig. 5.1). Zone 0 is characterized by the highest human density in the country (> 

20,000 Ind. km-2) and proximity to two major pollutant sources (Havana Bay and Rio 

Almendares) that release large amounts of organic matter, hydrocarbons and heavy 

metals (Armenteros et al. 2009, Graham et al. 2011). Pollutants discharged to the ocean 

by Havana Bay and Rio Almendares are carried to the west and east by ocean currents 

(Alcolado and Herrera 1987, Aguilar et al. 2004), creating a gradient of pollution in both 

directions.  

We surveyed a total of seven sites varying in distance both east and west from 

Havana. Previous studies in the region have identified zones that experience distinct 

effects of local stressors on communities of fish, corals, and other invertebrates (Alcolado 
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and Herrera 1987, Aguilar and Gonzalez-Sanson 2007, Alcolado-Prieto et al. 2012). 

Therefore, we classified our study sites by these previously defined zones to assess 

whether these patterns in anthropogenic impacts have changed. Our sites and zones were 

defined as follows. Zone 1 covered the area from Miramar to Santa Fe (approximately 7-

20 km west from Havana Bay) where we included three study sites (Fig. 5.1, Calle 16, 

Calle 30 and Santa Fe). Zone 2 extended approximately 21 to 35 km from Havana Bay 

and included two sites, Calderas toward the east and Baracoa toward the west (Fig. 5.1). 

Zone 3 was located the farthest from Havana Bay (more than 35 km) and included two 

sites, Henequen to the west and Bacunayagua to the east (Fig. 5.1).  

Analysis of present-day nutrient content, rugosity, and benthic and fish community 

composition 

Present-day status of these reefs (except those located in Zone 0) was studied in 

situ between May 17 and 31, 2016. Zone 0 was not sampled due to previously reported 

high levels of harmful toxins and the need for a special permit to access sites close to the 

entry of Havana Bay (Armenteros et al. 2009). Nutrient availability at each site was 

estimated from nutrient content in the tissue of Sargassum hystrix J.Agardh, a common 

brown macroalga that was present at all study sites. Because macroalgae are frequently 

used as a proxy for nutrient availability (e.g., Diaz-Pulido and McCook 2005, Reef et al. 

2012), we collected four samples (10-15 g) of S. hystrix from each site. Samples were 

immediately transported on ice and kept frozen in the lab until processed. After cleaning 

off epiphytes, we dried the samples at 65° C for 72 hrs, ground them to a fine powder and 

sent them to the Analytical Lab of the Marine Science Institute, University of California, 

Santa Barbara, to obtain levels of δN15 and percent of nitrogen content (dry weight, DW). 
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δN15 is particularly useful to distinguish anthropogenic nitrogen sources (Heaton 1986, 

Swart et al. 2013).  

To assess structural complexity of the reef, we laid out four, 50 m transects 

running parallel to the reef ledge at each site. Along each transect, a 5 m chain was laid 

out every ten meters, ensuring that the chain followed the contours of the reef (Risk 

1972). We calculated a rugosity index as the ratio between the actual length of the chain 

(5 m) divided by the measured linear length. Higher values of the rugosity index indicate 

greater reef complexity. 

Benthic communities were assessed using the point intercept technique within a 

50 x 50 cm gridded plot (25 points per plot). Plots were laid out every 5 m along the same 

transects described above for a total of 40 plots per site. Specimens found at each point 

were visually identified to the lowest possible taxonomic level to obtain a percent cover 

value per plot. We also quantified percent cover of turf algae which is an assemblage of 

short (< 1 cm) filamentous species (e.g., Polysiphonia spp., Ceramiun spp.). We surveyed 

the density of juvenile corals (< 4 cm in diameter) within a 25 x 25 cm subsection of each 

plot. Finally, we quantified the number of sea urchins (Echinometra spp. and Diadema 

antillarum) in 1 m wide swaths along each of our 50 m transects. 

Fish communities were characterized and quantified via visual surveys along 12 

(30 x 2 m), belt transects at each site. Transects were haphazardly placed to run parallel 

to the reef ledge and separated by at least five meters. On each transect, we identified 

each fish encountered and estimated its size to the nearest cm. This information was used 

to calculate density and biomass per species using published weight-length relationships 
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(Bohnsack and Harper 1998). We further classified fishes as herbivores, invertivores, and 

piscivores following Sierra et al. (2001). 

Analysis of temporal changes of benthic community structure  

We compiled data on reefs in this area from published and gray literature 

including graduate student theses and technical reports (Table D1) to analyze temporal 

trends in coral and algal abundance. We collated benthic data from 85 sites within the 

previously defined zones (0, 1, 2, and 3) sampled between 1995 and 2015. From the 85 

sites, we found 46 sites that had information regarding algal cover and 78 sites that 

included coral cover. From these studies, we used the average cover of macroalgae and 

coral at each site as a single data point to assess temporal changes within each zone. 

Statistical analysis 

  We tested for differences across zones in algal tissue nutrient content, reef 

rugosity, percent cover of benthic groups, juvenile coral density, sea urchin density, and 

fish biomass using ANOVA with site nested within zone. When response variables 

differed among zones, we used the Tukey’s honest significant test (Tukey’s HSD) as 

post-hoc analysis to determine which zones were different. Within each zone, we 

analyzed temporal changes in macroalgal and coral cover using linear mixed effect 

models that included sites as random factors to test for changes in cover through time. 

Data are presented as means ± standard errors and all analyses were carried out using the 

following packages in R V.3.2.2 (R Development Core Team 2012): doBy (Soren 2016) 

and nlme (Pinheiro et al. 2017) for ANOVA and linear and non-linear mixed effect 

models.  
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RESULTS 

Analysis of present-day nutrient content, rugosity, and benthic and fish community 

composition 

Current δN15 levels in Sargassum hystrix tissue ranged from 1.8‰ to 6.2‰ and 

decreased with distance from Havana. Zone 1, closest to Havana, exhibited values twice 

as high as those recorded at sites in Zones 2 and 3 (Fig. 5.2A, ANOVA, F2, 21 = 102.46, P 

< 0.001). Similarly, nitrogen content in S. hystrix was the highest in Zone 1 while Zone 2 

had the lowest values with Zone 3 being intermediate in nitrogen content (Fig. 5.2B, 

ANOVA, F2, 21 = 25.09, P < 0.001). Reef structural complexity, estimated as the rugosity 

index, averaged 1.24 ± 0.1 with no differences among zones (appendix D, ANOVA, F2, 

122 = 1.09, P = 0.338).  

Benthic communities were dominated by algae (> 60% cover of all algal groups) 

across all zones (Fig. 5.3A, ANOVA, F2, 21 = 0.98, P = 0.393). Zone 2 was dominated by 

cyanobacteria and turf which covered more than 20% of the benthos, particularly at the 

Calderas site (Fig. 5.3B&C, ANOVA, Cyanobacteria, F2, 21 = 4.46, P = 0.024, Turf, F2, 21 

= 11.19, P < 0.001). Dictyota spp. and Lobophora variegata were up to twice as abundant 

in Zones 1 and 3 compared to Zone 2 (Fig. 5.3D&E, ANOVA, Dictyota, F2, 21 = 5.38, P = 

0.014, Lobophora variegata, F2, 21 = 8.19, P = 0.002). Sargassum spp. were most 

abundant in Zone 1 (23.5 ± 1.2 %) compared to Zones 2 and 3 (Fig. 5.3F, ANOVA, F2, 21 

= 27.84, P < 0.001). Amphiroa spp. (2.48 ± 0.40 %), Jania spp. (2.78 ± 0.50 %), and 

Halimeda spp. (3.98 ± 0.42 %) covered approximately 9% of the benthos combined but 

only Amphiroa spp. showed differences among zones (Fig. 5.3 G, H & I).  

Across all sites, the percent cover of coral averaged 9.7 ± 0.8 % with Zone 2 
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having the lowest coral cover with approximately 5% (Fig. 5.4A, ANOVA, F2, 21 = 13.77, 

P < 0.001). Siderastrea was the dominant coral genus region-wide, and cover was highest 

in Zone 1, covering 7.6 ± 1.1 % of the benthos (ANOVA, F2, 21 = 6.76, P = 0.005). 

Porites, Orbicella and Agaricia had the next highest percent cover with Porites having 

the highest cover in Zone 1 (ANOVA, Porites, F2, 21 = 10.39, P < 0.001, Orbicella, F2, 21 

= 3.62, P = 0.067, Agaricia, F2, 21 = 0.90, P = 0.422).  

Total density of juvenile corals averaged 20.9  ± 1.8 juveniles m-2 in Zone 1 and 

decreased with distance from Havana. Bacunayagua, the farthest site from the city, had 

the lowest juvenile coral density, with just 5.6 ± 2.0 juveniles m-2 (Fig. 5.4B, ANOVA, 

F2, 21 = 4.49,  P = 0.024). Approximately 50% (8.1 ± 1.2 juveniles m-2) of the juvenile 

corals region-wide belonged to the genus Porites, which were most abundant in Zone 1 

with 11.5 ± 1.9 juveniles m-2 (ANOVA, F2, 21 = 7.18, P = 0.004). In contrast, Siderastrea 

averaged 2.7 ± 0.5 juveniles m-2 region-wide with Zone 3 (4.8 ± 1.5 juveniles m-2) having 

twice as many juveniles as Zone 1 (2.05 ± 0.30 juveniles m-2) (ANOVA, F2, 21 = 0.91, P = 

0.419). Agaricia, the coral genus with the second highest density of juveniles in the 

region (4.3 ± 0.8 juveniles m-2), showed no variation with distance or among zones 

(ANOVA, F2, 21 = 0.43, P = 0.657).  

The total fish biomass averaged 26.1 ± 5.0 g m-2 across all zones (Fig. 5.5A, 

ANOVA, F2, 77 = 1.23, P = 0.299). Herbivorous fishes (parrotfishes and surgeonfishes) 

were approximately 50% of the total fish biomass (11.9 ± 1.3 g m-2) with no change in 

biomass relative to zone (Fig. 5.5A, ANOVA, F2, 77 = 1.08, P = 0.344). Similarly, the 

biomass of invertivores (e.g., fam. Labridae) averaged 7.9 ± 0.9 g m-2 and did not differ 
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across zones (Fig. 5.5B, ANOVA, invertivores, F2, 77 = 1.59, P = 0.211). In contrast, the 

biomass of piscivores (e.g., fam. Serranidae and Sphyraenidae) was the highest in Zone 3 

with 13.3 ± 4.4 g m-2 (Fig. 5.5C, ANOVA, piscivores, F2, 77 = 4.41, P = 0.015). In 

addition to low herbivorous fish biomass region-wide, we recorded low densities (0.02 

Ind. m-2) of the herbivorous sea urchins Echinometra spp. and Diadema antillarum, with 

Zone 3 having the highest density with 0.24 Ind. m-2 (Fig. 5.5D, ANOVA, F2, 21 = 6.89, P 

= 0.005).  

Analysis of temporal changes of benthic community structure  

Macroalgal abundance in northwest Cuba showed both temporal and spatial 

variation between 2000 and 2016 (lme, Year:Zone, χ2
1

 = 14.05, R2 = 0.24,  P < 0.001). 

Zone 0 (Havana) exhibited a reduction in algal cover from ~85% in 2008 to ~ 40% in 

2012 (Fig. 5.6A, lme, Year, χ2
1

 = 7.70, R2 = 0.46, P = 0.006). However, since survey data 

only goes back to 2008, it is difficult to tell if this is indicative of anomalously high algal 

cover in 2008 or a true, long term trend in declining algal cover. Zone 1 averaged 55% 

and Zone 2 45% cover of macroalgae, without significant changes through time (Fig. 

5.6B&C, Year, Zone 1, lme, χ2
1

 = 2.70, R2 = 0.16, P = 0.101, Zone 2, χ2
1 = 0.03, R2 = 

0.01, P = 0.856). In contrast, Zone 3 displayed a three-fold increase in macroalgae from 

~23% in 2000 to 67% in 2016 (Fig. 5.6D, lme, Year, χ2
1

 = 11.09, R2 = 0.60, P < 0.001). 

Coral cover also showed zone specific variations through time (Fig. 5.6E-H, lme, 

Zone:Year, χ2
1

  = 5.86, R2 = 0.52, P = 0.015). Both Zone 0 and Zone 1 were characterized 

by low coral cover (3.8 ± 0.8 % and 9.8 ± 0.6 %, respectively) with little change since 

1997 (Fig. 5.6E&F, lme, Year, Zone 0, χ2
1

  = 2.63, R2 = 0.24, P = 0.105, Zone 1, χ2
1

  = 

0.04, R2 = 0.01, P = 0.843). In contrast, coral cover in Zone 2 and Zone 3 declined by 
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more than 50% over the same time period (Fig. 5.6G&H, lm, Zone 2, χ2
1

 = 5.07, R2 = 

0.21, P = 0.024, Zone 3, χ2
1 = 5.73, R2 = 0.39, P = 0.017).  

 

DISCUSSION 

We found that coral reefs near Havana are in poor condition, even at significant 

distances from the city. Nitrogen content (Nitrogen DW% and δN15) in algal tissue 

increased with proximity to Havana (Zone 0), suggesting both an increase in N 

availability and increasing contribution of anthropogenic N sources to reefs. Regardless 

of distance from the Havana, fish biomass was low and the benthic communities were 

dominated by macroalgae (> 60% cover) with low coral cover. In contrast, the highest 

densities of juvenile corals were at sites closest to the Havana. Our analyses of long-term 

benthic trends revealed that coral cover has remained low and macroalgal cover high on 

the reefs nearest to Havana since the 1990s. Yet, at sites farthest from Havana, coral 

cover has declined by ~50% and macroalgae increased by over 100% during the same 

time period.  

Havana is home to more than two million people concentrated in approximately 

730 km2 (Cuban Office of Statistics, 2016). The metropolitan area includes several rivers, 

such as Almendares and Quibu, which carry high levels of pollutants that are delivered to 

coastal areas (Armenteros et al. 2009, Graham et al. 2011). One would expect to find 

higher δN15 (an indicator of human waste N sources) and nitrogen content in algal tissue 

samples from areas adjacent to the city. While this was the case, we also found high 

nitrogen content at the farthest site from Havana (Bacunayagua, Zone 3), suggesting site-

specific N delivery unrelated to population density. Based on low δN15 values, nutrients 
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could be coming from sources other than human waste, such as fertilizers from 

agricultural runoff. Along the north coast of Havana there are many small rivers, some of 

which are close to our study sites (e.g., Rio Jaimanitas, Rio El Mosquito, Rio Jaruco) that 

could be significant sources of nutrients. Unfortunately, information regarding the water 

quality and drainage from these rivers is scarce. High levels of nutrient availability can 

promote algal abundance on coral reefs (Lapointe 1997, Littler et al. 2006), which may at 

least partially explain the increase in macroalgae since the early 2000s at sites distant 

from Havana. In addition, these distant sites suffered a reduction of coral cover over the 

past decade, leaving more suitable space to be colonized by macroalgae.  

Low levels of herbivory have likely contributed to the ubiquitously high cover of 

macroalgae. Herbivorous fish biomass averaged just under 12 g m-2 across the region, 

compared to ~30 g m-2 on unfished Caribbean reefs (Edwards et al. 2014). During our 

surveys we did not record any herbivores over 20 cm total length, suggesting fishing 

pressure is high across all three zones. In contrast, Gonzalez-Sanson et al. (2009) reported 

that in 2004 there were differences in fish communities between Zones 1, 2, and 3, with 

average fish size declining and shifts in species composition occurring at sites closer to 

Havana Bay. The presence of zone-specific fish communities just a decade ago suggests a 

fairly recent expansion of fishing pressure across the region. Moreover, herbivorous 

urchin abundance was low at all of our sites (Fig. 5.5D). Consequently, algal 

communities were dominated by palatable species such as Sargassum spp. and red 

articulated calcareous algae (e.g., Jania spp. and Amphiroa spp.) that are often 

preferentially consumed by herbivorous fishes (Burkepile and Hay 2008, Adam et al. 

2015). It is likely that the low biomass of herbivorous fishes and sea urchins resulted in 
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reduced herbivore control over macroalgae across all of the zones. Similar results have 

been reported in other overfished Caribbean reefs after the massive sea urchin (Diadema 

antillarum) die-offs at the beginning of the 1980’s (Jackson et al. 2014).  

Surprisingly, despite the elevated cover of macroalgae, we found that the 

abundance of juvenile corals in our study region (21 juveniles m-2) was high when 

compared to other regions such as the Florida Keys (~ 7 juveniles m-2, Moulding 2005, 

Burkepile et al. 2013) and Curacao (7 juveniles m-2
, Vermeij et al. 2011). The high 

abundance of macroalgae might not be inhibiting recruitment, as is often observed 

(Vermeij et al. 2009), but it could be limiting the growth of juvenile corals via 

competition. Unexpectedly, Zone 1, which was predicted to be the most heavily 

impacted, contained the highest density of juvenile corals. The greater number of 

juveniles in Zone 1 may be due to the high prevalence of brooding species in this region 

(appendix D), which have short planktonic durations and low dispersal distances that 

promote larval retention (Ritson-Williams et al. 2009). Interestingly, brooding species are 

often associated with unstable or degraded habitats (Szmant 1986), perhaps reflecting a 

longer history of human impacts in Zone 1. Additionally, other biophysical drivers, such 

as larval supply, oceanic currents, and temperature regimes likely contribute to the 

observed distribution of juvenile corals (Ritson-Williams et al. 2009, Green and Edmunds 

2011). In the future, reefs in these zones may provide an interesting setting to study 

propagule supply and the population genetics of the coral community.  

Although there is very little information on current or historical fishing pressure 

in the region, parrotfishes have been targeted by local fishers since at least the 1970s 

when large individuals of midnight parrotfish (Scarus coelestinus) and rainbow parrotfish 
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(Scarus guacamaia) were still present (Aguilar and Gonzalez-Sanson 2007). However, 

the dense low-income population in and around Havana combined with easy access to the 

reefs facilitated by the narrow shelf has created a large artisanal fishery (AD, personal 

observation), and we frequently encountered spear fishers during our surveys, even at 

sites more than 40 km from Havana. It is likely that the high artisanal fishing pressure has 

not only increased near Havana but also has expanded further away as fish have become 

less abundant and human population increases. This high fishing pressure could explain 

the low fish biomass region-wide.  

The current coral cover at our study sites (10%) is lower than the current 

Caribbean-wide average (16%) reported by Jackson et al. (2014). However, the decline in 

coral cover in the region appears to have happened in at least two different time periods 

that may be associated with distinct types of stressors. Closer to Havana (Zones 0 and 1), 

the coral cover was already low in the 1990s (< 10%), whereas reefs farther from the city 

(Zones 2 and 3) still maintained more than 30% coral cover. Prior to the 1990s, Havana 

Bay was considered one of the 10 most polluted bays on Earth, containing high 

concentrations of lead, zinc, selenium, and mercury along with heavy loads of organic 

sediment (Armenteros et al. 2009, Diaz-Asencio et al. 2011). Exposure to high 

sedimentation and high concentrations of nutrients and heavy metals can negatively 

affect growth, photosynthesis, fertilization, larval survival, and the microbiome of corals 

(Gilmour 1999, Jessen et al. 2013, Tout et al. 2015) resulting in reduced coral abundance 

in polluted areas (De’Ath and Fabricius 2010). Prior to the 1990s, reduction of coral 

cover close to Havana may have been related to high levels of pollution released onto the 

reefs from Havana Bay.   
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In contrast, coral cover in the two zones more distant from Havana (Zones 2 and 

3) remained high (25-30 %) into the early 2000s but suffered a ~50% reduction in the last 

15 years. Declining coral cover at these more distant sites may indicate the expansion of 

local stressors, increasing impacts of global stressors, or a combination of both. It is 

possible that the effects of local stressors that were concentrated around Havana before 

the 2000s have expanded outward as a result of economic pressure in a growing 

metropolitan population. The nitrogen content in algae showed high values in areas 

farther away from the city suggesting region-wide increases in nutrient concentrations. 

Similarly, fish biomass is now low region-wide, suggesting that fishing pressure has 

expanded since the initial classification of the reef zones around Havana. According to 

the Cuban Office of Statistics, the population of Havana has increased from 1,954,413 in 

1980 to 2,200,000 individuals between 1995 and 2000 with a recent (2014) count of 

2,121,871 individuals. A rapidly increasing population in the late 1990s might have 

increased the impact of local stressors. 

Over the past 15 years there have also been increases in global stressors in the 

region. During at least five summers between 2003 and 2015, corals in Havana reefs 

experienced large-scale bleaching events (51 to 75% corals bleached), with 2009 being 

the worst with more than 75% of corals bleached (Table D2, Alcolado 2006, Alcolado 

and Iglesias 2010). In the Caribbean, similar thermal stress events have led to widespread 

coral mortality, particularly in areas with high coral cover (Oxenford et al. 2008, Eakin et 

al. 2010, Alemu and Clement 2014). The frequency of coral bleaching events has 

increased since the first event was described in 1980; the first documented world-wide 

bleaching event occurred in 1998 (Hoegh-Guldberg 1999). Coral reefs located in 
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Caribbean regions including South Florida, the Bahamas, and Cuba have suffered an 

average of seven thermal stress events between 1985 to 2012 (Heron et al. 2016). It is 

likely that the recent increase in frequency and severity of bleaching events has 

contributed to coral loss in those sites farther from the Havana. Coral cover in Zone 0 and 

Zone 1 was already low before 2000, however, it is possible that bleaching had less of an 

impact on the remaining corals. In support of this idea, Siderastrea and Porites were both 

very abundant closer to Havana, and these taxa tend to be some of the most resistant 

species to bleaching (Okazaki et al. 2016). In contrast, Orbicella and Agaricia showed 

higher cover away from the city, although they were low in overall cover. These taxa are 

more susceptible to bleaching than Siderastrea and Porites (Fournie et al. 2012, Okazaki 

et al. 2016) and may have declined the most during recent coral losses at sites distant 

from Havana.  

Hurricanes can also cause substantial losses of coral cover (Gardner et al. 2005). 

The occurrence of five hurricanes in 2005, two of which were category 5, presumably 

had strong impacts on these reefs. Unfortunately, we did not find information directly 

related to these hurricanes. But, given the narrow reef shelf around Cuba, it is likely that 

their effect was widespread across multiple sites in the region. For instance, Hurricane 

Wilma (2005) occurred more than 80 km from Havana, and Jones et al. (2008) described 

damage to gorgonians, sponges, and corals as deep as 15m on Havana’s coral reefs. 

Corals in areas near Havana (Zone 0 and 1) have not been affected directly by hurricanes 

for more than 50 years (Table D3); this relative calm could make them more vulnerable 

to major storms as it has been proposed that the larger the lapse between hurricanes, the 

slower the recovery (Mumby et al. 2011). In contrast, at least two hurricanes affected 
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zones 2 and 3 at western sites (Hurricane Charley, 2004) and eastern sites (Hurricane 

Dennis, 2005). It is possible that these hurricanes facilitated the downward trajectory of 

corals in sites farther from Havana.  

Understanding the drivers of coral reef decline is critical for management and 

conservation strategies (Keller et al. 2009). The current status of reefs around Havana is 

likely the result of combined global and local stressors that have both reduced coral cover 

and limited their ability to recover. The coral reefs near Havana have experienced 

different spatial and temporal trajectories of coral decline and a rise in macroalgae in the 

last 20 years. The temporal decline in coral abundance can be likely attributed to both 

global stressors (e.g., bleaching events followed by increase of diseases) and local 

stressors such as, high nutrient levels, and overfishing. Yet, the failure of corals to 

recover is probably influenced by local impacts to these reefs, particularly overfishing, 

which has led to very low herbivorous fish biomass and a rise in macroalgae.  Our results 

suggest that despite the wide-spread decline, coral recruitment is still occurring and there 

is there is a robust population of juvenile corals, even at sites near Havana. Decreasing 

nutrient influx and implementing artisanal fishery regulations may help reduce 

macroalgae and provide these reefs with an opportunity to recover after stress events such 

as bleaching. Ultimately, however, global-scale efforts are required to decelerate the 

current rate of carbon emissions that drive climate change, the major driver of future 

coral mortality.  
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Figure 5.1 Study sites within each zone located at different distances from Havana, Cuba: 
Zone 0 (Havana) indicated by the circle, Zone 1, the closest to the city includes three 
study sites (Calle 16, Calle 30 and Santa Fe), Zone 2 includes sites at intermediate 
distances (21-35km; Baracoa and Calderas) and Zone 3 the farthest away from the city 
with two sites (Henequen west and Bacuanayagua east).  
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Figure 5.2 Delta N15 (A) and nitrogen concentration (B) in Sargassum tissue samples by 
sites within each zone. Data are mean ± SE. Probability values comes from ANOVA 
analysis among zones with bolded results distinguishing statistically significant values (P 
< 0.05). Letters along the bottom indicate differences between zones based on Tukey 
HSD. Error bars of Delta N15 of Baracoa and Henequen are difficult to see because of 
small values. 
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Figure 5.3 Average abundance of total and common algal taxa by site within each zone: 
(A) total algal (all species of algae), (B) Cyanobacteria, (C) Turf, (D) Dictyota spp., (E) 
Lobophora variegata, (F) Sargassum spp., (G) Jania spp., (H) Amphiroa spp. and (I) 
Halimeda spp. Data are mean ± SE. Probability values comes from ANOVA with bold 
font indicating statistically significant values (P < 0.05). Letters along the bottom indicate 
differences between zones based on Tukey HSD. 
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Figure 5.4 Total abundance of corals (A) and density of juveniles (< 4 cm diameter) (B) 
by site within each zone.  Data are mean ± SE. Probability values comes from ANOVA 
with bold font indicating statistically significant values (P < 0.05). Letters along the 
bottom indicate differences between zones based on Tukey HSD. 
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Figure 5.5 Biomass of fishes by trophic group by site within each zone: (A) Herbivores 
(e.g., parrotfish and surgeonfish); (B) Invertivores (e.g., grunts and wrasses); and (C) 
Piscivores (e.g., groupers, snappers and barracudas). Data are mean ± SE. Probability 
values comes from ANOVA with bold font indicating statistically significant values (P < 
0.05). Letters along the bottom indicate differences between zones based on Tukey HSD. 
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Figure 5.6 Macroalgal (A-D) and coral cover (E-H) by zone over time. Points represent 
average percent cover from individual sites taken from the literature and authors’ 
unpublished data. Probability values indicates results of linear mixed effect model. 
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CONCLUSIONS 

Predicting the response of coral reefs to global and regional stressors requires the 

best possible understanding of factors and processes determining community dynamics. 

The most relevant indicator of the Anthropocene coral reef crisis is the loss of coral cover 

as a consequence of increased frequency of global bleaching events (Logan et al. 2014), 

region-wide outbreaks of coral diseases (e.g., white band and black band, see Goreau et 

al. 1998) and outbreaks of coral-eating organisms such as the crown of thorns starfish 

(De'ath et al. 2012). The Caribbean region, compared to Pacific reefs, not only seems to 

be more frequently affected by bleaching events (Hughes et al. 2018) but reefs also 

display lower resilience as a consequence of lower diversity and grazing of herbivores, 

higher algal recruitment, and nutrient availability, among other factors (Roff and Mumby 

2012). The grazing activity of herbivores over macroalgae, free space and facilitate 

recruitment and growth of corals enhancing reef resilience (Hughes et al. 2007, Steneck 

et al. 2017). Other factors such as reduced coral larvae supply (Hughes and Tanner 2000) 

and structural complexity (Newman et al. 2015) resulting from the dramatic loss of coral 

cover (over the last 50 year) in the Caribbean (Alvarez-Filip et al. 2009), might be 

compromising coral recovery. Given the current predictions of the continued increase of 

stress events, there is an urgent need to fully understand how, individually and combined, 

some of these factors and processes can influence coral reef resilience. 

In Chapter II, we addressed a fundamental knowledge gap in one of the most 

important processes involved in coral reef resilience, herbivory (Steneck et al. 2017). We 

showed that the two most abundant surgeonfish species, Acanthurus tractus and A. 

coeruleus in the Caribbean, feed on turf algae but avoid it when it is mixed with 



 134 

sediment. We also found evidence that A. tractus preferably consumed macroalgae (e.g., 

Dictyota spp) than turf algae. Despite the ontogenetic shift in the diet of surgeonfishes, 

our results indicated that while both species can impede algal community development 

towards further successional stages, A. tractus can also help to recover reefs in advanced 

successional stages commonly dominated by macroalgae (e.g., Dictyota spp.). Our results 

are a fundamental contribution to predict the differential species impact of herbivory on 

Caribbean coral reefs highlighting the importance of niche diversification when 

considering species protection strategies.  

Our small-scale field experiment in Chapter III demonstrated that besides 

herbivory other factors, in this case structural complexity, can influence the structure of 

coral reef benthic communities. The impact of herbivory on macroalgal communities of 

horizontal substrates coincided with previous works (Duran et al. 2016). Our findings add 

to the body of knowledge by showing that regardless of herbivory, the vertical substrate 

were quickly covered and remained dominated by crustose algae. Interestingly, vertical 

substrates with and without herbivores were the only that show coral recruits (n=4) after 

the year-long experiment. Our results suggest that flattening of Caribbean coral reefs can 

negatively influence coral reef dynamics as more horizontal area colonized by upright 

macroalgae need to be controlled by herbivores. Our work raises further questions such 

as, how much herbivory is needed to promote resilience of Caribbean coral communities? 

And how does the loss of structural complexity is essential to be considered when 

designing strategies to enhance coral reef resilience. 

In chapter IV we performed a detailed study of biological and physical 

characteristics of several reefs located in the upper section of the Florida Keys reefs. Our 
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surveys of multiple reef habitats displaying a gradient of benthic communities and 

physical characteristics provided new insights to the question, why South Florida coral 

reefs do not follow the conservation paradigm in which high abundance of herbivores 

results in high coral abundance (promoting coral recovery and subsequently reef 

resilience). We found that abundance of sediment (percent cover) and depth of sediment 

layer are likely the primary factors impeding recovery of corals in this region. Our work 

offers a mechanistic explanation for previous findings indicating that marine protected 

areas are not enough to enhance the resilience of coral reefs in Florida Keys (Toth et al. 

2014). Given our results, it is highly probable that the settlement and development of a 

fair amount of coral larvae  in the Florida Keys reefs (van Woesik et al. 2014) is limited 

by the high abundance of a thick sediment layer and the species of the macroalga 

Dictyota spp. Results of this study highlights that while the negative impact of Dictyota 

spp. on corals has been shown, further work is needed to elucidate the effect of sediment 

(e.g., different sediment depths) and other commonly found benthic groups (e.g, CCA 

diversity) on settlement and post-settlement development of corals. Furthermore, analysis 

of accretion/erosion rate as well as sources of sediment need to be considered when 

developing conservation strategies including restoration programs. In addition, novel 

ideas (e.g., engineering techniques, genetic modification, the creation of artificial reefs) 

to improve coral reef resilience in the Florida Keys are also needed. 

In contrast to South Florida, overfishing of reef herbivorous fishes are widely 

spread across the Caribbean leading to region-wide low herbivore abundance and 

consequent deleterious impact of coral reefs (Jackson et al. 2014). In chapter V we 

carried the first ever integrative, temporal and spatial, study in the North Havana coral 
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reef region, historically characterized by an increased influence of anthropogenic 

stressors (e.g., nutrient enrichment and fishing pressure) close to Havana, Cuba. We 

reported two main findings in our study: 1) a current overall low coral cover and high 

abundance of macroalgae likely as a result of practical absence of herbivorous fishes 

(particularly larger than 15 cm TL), and 2) a major temporal decline (~ 50% loss) of coral 

and increase of algal cover in the last 20 years. Bleaching events and storms seem to be 

the major coral decline factors. However, we observed a fair amount of corals, in which 

growth and development was probably limited by the increased abundance of 

macroalgae. In this case, protection of herbivorous fishes is imperative to promote the 

control of macroalgae which in turn favors growth of reef corals.  

In conclusion, my dissertation provides a framework of results that builds on 

specific factors and processes (herbivory, structural complexity, and sediment) that shape 

structure and dynamics of Caribbean coral reefs. It also offers insight on spatial and 

temporal scales in which some factors can be more influential. For instance, while 

herbivory can be a major driver of benthic communities across coral reefs (meter to 

kilometers long), within few centimeters, the microhabitat conditions (structural 

complexity) might be a strong driver of algal and coral communities. Similarly, results 

from our chapter V showed that increased frequency and intensity of climate-change 

related stressors (e.g., thermal stress events and tropical storms) might be the current 

major factors leading to recent massive die-offs of corals across the globe (Hughes et al. 

2018). Therefore, in order to develop management strategies that enhances coral reef 

resilience to global and regional stressors, we need to include multiple spatial and 

temporal scales in our studies.  
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Appendix A: Supplementary tables and figures for chapter II 

 

Table A1. Number of individuals by size class observed during the grazing rate 
surveys 
 

Species Size class 
(cm TL) 

Conch 
Reef 

Pickles 
Reef 

Molasses 
Reef 

French 
Reef 

A. coeruleus 1-5 1 4 8 6 
A. coeruleus 6-10 3 5 3 4 
A. coeruleus 11-15 1 1 1 1 
A. coeruleus 16-20 7 5 10 14 
A. coeruleus Over 20 3 4 2 0 

A. tractus 1-5 0 0 2 0 
A. tractus 6-10 1 5 7 2 
A. tractus 11-15 4 6 6 10 
A. tractus 16-20 8 4 5 8 
A. tractus Over 20 2 0 2 0 
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Table A2. Number of individuals by size class surveyed during the fish feeding 
observations 
 

Species Size class Conch Pickles 
Reef 

Molasses 
Reef 

French 
Reef (cm TL) Reef 

A. coeruleus 1-5 27 24 16 4 
A. coeruleus 6-10 16 16 14 4 
A. coeruleus 11-15 11 11 26 10 
A. coeruleus 16-20 21 31 30 9 
A. coeruleus Over 20 34 10 25 20 

A. tractus 1-5 12 9 7 2 
A. tractus 6-10 40 20 23 4 
A. tractus 11-15 19 34 33 11 
A. tractus 16-20 27 29 44 16 
A. tractus Over 20 12 0 15 13 
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Figure A1. Photographic representation (5 x 5 cm frame) of some common 
benthic groups quantified during surveys of benthic communities and fish feeding 
activities. A) crustose algae with arrows pointing to the turf algae growing on it 
(turf on crustose algae), B) different types of turf-forming algae (turf), C) turf 
algae associated with sediment (TAS), D) Dictyota spp., E) species of articulated 
calcareous algae, from left to right there is Galaxaura sp., Halimeda sp., Jania sp. 
and Amphiroa sp., and F) thallus of (likely old individual) of Stypopodium zonale 
with arrows indicating turf forming algae as epiphytes  
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Figure A2. Average sediment depth at each reef site. Mean (±SE). An analysis of 
variance (ANOVA) showed differences among all sites (F3,28=6.60, p = 0.002) 
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Figure A3. Boxplot distribution of sediment depth targeted (from fish bite) by 
surgeonfish species among among studied sites 
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Figure A4. Boxplot distribution of turf height targeted (from fish bite) by 
surgeonfish species among studied sites 
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Appendix B: Supplementary tables and figures for chapter III 

Figure B1. Photographs of the two juvenile Porites spp. coral recruits found on 
vertical substrates. We found no recruits on horizontal substrates 
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Appendix C: Supplementary tables and figures for chapter IV 

Table C1. Average (±SE) values of abiotic variables (slope, rugosity and sediment 
depth) and major benthic groups (sediment, turf, crustose coralline algae) by reef 
habitat. 
 

Habitat Groove Plain Flat spur 
top  

Rugose 
spur top 

Spur 
wall 

Slope 
(degree) 

14.7 
(±1.1) 

6.9 
(±0.4) 

13.3 
(±0.5) 

15.6 
(±1.2) 

40.1 
(±2.7) 

Rugosity 1.2 
(±0.1) 

1.2 
(±0.1) 

1.2 
(± 0.1) 

1.4 
(±0.1) 

1.4 
(±0.1) 

Sediment 
depth (mm) 

9.0 
(±0.7) 

6.4 
(±0.2) 

3.4 
(±0.1) 

1.8 
(±0.2) 

2.0 
(±0.3) 

Percent 
cover of Turf 

11.6 
(±1.2) 

2.4 
(±0.3) 

20.3 
(±0.8) 

22.7 
(±1.5) 

26.4 
(±2.4) 

Percent 
cover of 

Sediment 

56.2 
(±2.4) 

69.5 
(±1.2) 

41.0 
(±1.1) 

23.3 
(±1.5) 

16.9 
(±2.1) 

Percent 
cover of 

CCA 

0.5 
(±0.2) 

0.1 
(±0.1) 

0.7 
(±0.2) 

6.0 
(±1.1) 

4.4 
(±1.5) 

Percent 
cover of 
Dictyota 

15.6 
(±1.2) 

17.5 
(±0.9) 

23.2 
(±0.8) 

30.2 
(±1.3) 

33.6 
(±2.9) 
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Figure C1. Relationship between abiotic variables. (A) Slope and rugosity, (B) 
slope and sediment depth, and (C) rugosity and sediment depth. Statistics 
indicates results of the linear mixed model.   
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Figure C2. Relationship between abundance sediment, turf, crustose coralline 
algae (CCA) and Dictyota with slope and rugosity of the substrate. Points 
represent the average cover, the line indicates the linear relationship and shaded 
area the standard error. Statistics resulted from the Linear Mixed Model (LMM). 
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Figure C3. Density and community composition of of juvenile (A&B) and adult 
corals (C&D). Points represent average (±SE).   
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Figure C4. Deviance plot resulted from boosted regression tree predicting relative 
influence of all studied factors on presence/absence of all juvenile corals. Mean 
total deviance = 1.373, mean residual deviance = 1.31. 
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Figure C5. Deviance plot resulted from boosted regression tree predicting relative 
influence of all studied factors on presence/absence of Siderastrea juvenile corals. 
Mean total deviance = 1.089, mean residual deviance = 0.834. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



 152 

 
 
 

Figure C6. Deviance plot resulted from boosted regression tree predicting relative 
influence of all studied factors on presence/absence of Agaricia juvenile corals. 
Mean total deviance = 1.024, mean residual deviance = 0.778. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 153 

 
 
 

Figure C7. Deviance plot resulted from boosted regression tree predicting relative 
influence of all studied factors on presence/absence of Porites juvenile corals. 
Mean total deviance = 1.001, mean residual deviance = 0.908. 

 
 
 

 
 

 

 

 

 

 

 

 



 154 

 

 

Figure C8. Deviance plot resulted from boosted regression tree predicting relative 
influence of all studied factors on presence/absence of all adult corals. Mean total 
deviance = 0.94, mean residual deviance = 0.717. 
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Appendix D: Supplementary tables and figures for chapter V 

Table D1. List of data resources for temporal analysis (published, unpublished). 
The first four columns (Year, Month, Zone, and Site and Habitat) indicate where 
and when the data (published or unpublished) of percent cover of coral, algae and 
sponge were collected. The farthest right column indicates the data source (list of 
data source references at the end) 
 

Year Month 
Zon

e Site 
Cor
al 

Macroalg
ae 

Data 
source 

2009 September 0 La Puntilla 3.5 NA 1 
2009 September 1 Calle 70 5.8 NA 1 
2009 September 1 Calle 180 6.5 NA 1 
2009 September 1 Jaimanitas 6 NA 1 

2009 September 1 
Marina 

Hemingway 13.8 NA 1 
2009 September 1 Santa Fe 15.5 NA 1 
2009 September 2 Baracoa 6.3 NA 1 
2004 NA 1 La Puntilla 7 NA 1 
2004 NA 1 Calle70 6 NA 1 
2007 NA 0 La Puntilla NA NA 1 
2007 NA 1 Calle 70 8.5 NA 1 
2009 NA 1 La Puntilla 3.5 NA 1 
2009 NA 1 Calle 70 5.5 NA 1 
2014 NA 0 La Puntilla 9.7 NA 1 
2014 NA 1 Calle 70 2.65 NA 1 
2011 August 0 Boya Roja NA 42.42 2 

2011 August 0 
Parque Antonio 

Maceo NA 9.34 2 
2011 August 0 Malecon Y 12 NA 39.44 2 
2011 August 0 La Puntilla NA 35.46 2 
2011 August 1 Calle 30 NA 24.73 2 
2011 August 1 Acuario NA 22.03 2 
2011 August 1 Santa Fe NA 32.74 2 
2011 August 2 Salado NA 33.24 2 
2011 August 3 Calderas NA 38.84 2 
2012 February 0 Boya Roja 0.7 49.43 2 



 156 

2012 February 0 
Parque Antonio 

Maceo 0.1 19.64 2 
2012 February 0 Malecon Y 12 0.9 51.75 2 
2012 February 0 La Puntilla 6.4 43.88 2 
2012 February 1 Calle 30 6.6 29.67 2 
2012 February 1 Acuario 5.1 31.75 2 
2012 February 1 Santa Fe 9 39.82 2 
2012 February 2 Salado 6 37.08 2 
2012 February 3 Calderas 12.1 41.35 2 
2004 Junio 3 Henequen 17 NA 3 
2004 Junio 3 Rio Mosquito 18 NA 3 
2004 Junio 2 Salado 25 NA 3 
2004 Junio 2 Santa Fe 26 NA 3 
2004 Junio 1 Acuario 14 NA 3 
2004 Junio 2 Cojimar 12 NA 3 
2004 Junio 2 Guanabo 22 NA 3 
2004 Junio 2 Guanabo 24 NA 3 
2004 Junio 3 Bacunayagua 38 NA 3 
2000 January 1 Acuario 17.3 83.2 4 
2000 January 1 Barlovento 12.7 79.1 4 
2000 January 2 Salado 14 74.2 4 
2004 April 2 Guanabo 16.8 50 5 
2004 April 2 Guanabo 20.7 43 5 
2004 April 2 Guanabo 23.9 43 5 
2004 Sept 2 Guanabo NA 56 5 
2004 Sept 2 Guanabo NA 54 5 
2004 Sept 2 Guanabo NA 52 5 

2016 May 1 Santa Fe 14.7 75 
Curren
t study 

2016 May 1 Calle 30 16.9 66 
Curren
t study 

2016 May 1 Calle 16 16.1 60 
Curren
t study 

2016 May 2 Baracoa 6.9 71 
Curren
t study 

2016 May 3 Henequen 12.3 72 
Curren
t study 

2016 May 3 Calderas 11.1 62 
Curren
t study 

2016 May 3 Bacunayagua 15.3 67 
Curren
t study 
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1995 July 3 Herradura 31 NA 6 
2000 July 3 Herradura 14 23 6 
1997 NA 0 NA 0.7 NA 7 
1997 NA 0 NA 7.3 NA 7 
1997 NA 1 NA 10.8 NA 7 
1999 NA 1 NA 16.3 NA 7 
2000 NA 0 NA 0 NA 7 
2000 NA 0 NA 7.1 NA 7 
2000 NA 1 NA 8.7 NA 7 

2003 August 1 Calle 16 
11.2

5 NA 8 

2003 August 1 Calle 190 
12.3

7 NA 8 
2004 September 1 Calle 70 6 NA 9 
2004 September 1 IdO 9 NA 9 
2004 September 1 Club Havana 8.1 NA 9 
2007 September 1 Calle70 8.6 NA 9 
2007 September 1 IdO 13 NA 9 
2007 September 1 ClubHavana 11.8 NA 9 
2007 September 1 Calle 180 6.7 NA 9 

2001 February 2 
Rincon De 
Guanabo 30 40 10 

2002 April 2 
Rincon De 
Guanabo 35 10 10 

2004 July 0 La Puntilla 7 NA 11 
2004 July 1 Santa Fe 12.5 NA 11 

2004 July 1 
Marina 

Hemingway 11 NA 11 
2004 July 1 IdO 9 NA 11 
2004 July 1 Calle 70 6 NA 11 

2008 June 0 Havana Bay 3 81 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 July 0 
Rio Almendares 

Este 3 89 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 
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2008 June 1 Calle 16 11 71 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 June 1 Calle 30 8 73 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 June 1 Rio Jaimanitas 16 58 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 June 1 Rio Quibu 4 86 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 June 2 Baracoa 8 27 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 

2008 July 3 Bacunayagua 21 61 

Gonzal
ez-

Diaz P 
(Unpu
blished 
data) 
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Table D2. Frequency and intensity of bleaching events from 2003-2015 were 
obtained from the yearly coral bleaching technical report published by Dr. Pedro 
Alcolado (Alcolado 2003-2016) from the “Volunteer Monitoring Network of 
Early Coral Reef Warning” (Red de monitoreo voluntario de alerta temprana de 
arrecifes coralinos) 
 
Year Region Qualitative Bleaching level (%) 
2003 Havana Very low (Nulo) 0 
2005 Havana Very high (Muy alto) 51-75 
2006 Havana High (Alto) 31-50 
2007 Havana Very high (Muy alto) 51-75 
2008 Havana Low (Pobre) 0-10 
2009 Havana Critical (Casi total) 76-100 
2010 Havana Very high (Muy alto) 51-75 
2011 Havana Medium (Moderado) 11-30 
2012 Havana Low (Pobre) 0-10 
2013 Havana Medium (Moderado) 11-30 
2014 Havana Very high (Muy alto) 51-75 
2015 Havana Very high (Muy alto) 51-75 
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Table D3. Hurricane information, date, location and intensity, was extracted from 
the National Oceanographic and Atmospheric Administration 
(https://coast.noaa.gov/hurricanes/) and the Cuban Weather Forecast Department 
(Departamento de pronosticos, ISMET 2017). The “x” indicates the province(s) 
where the Hurricane impacted 
 

Name Year Mo
nth 

Day(s) Cat Pinar 
del Rio 

Hava
na 

Ha
van
a 
Cit
y 

M
ata
nz
as 

Michelle 2001 Nov 4-5 4  x x x 

Isidore 2002 Sep 20-21 1 x    

Lili 2002 Oct 1 1 x    

Charley 2004 Aug 13 3  x x  

Iván 2004 Sep 13-14 4 x    

Arlene 2005 Jun 9-10 1 x    

Dennis 2005 Jul 8-9 1  x x  

Katrina 2005 Aug 26-27 5 x x x  

Rita 2005 Sep 20-21 5 x x x  

Wilma 2005 Oct 23-24 5 x x x  

Ernesto 2006 Aug 28-30 1   x x 

Noel 2007 Oct 29-4 1    x 

Gustav  2008 Aug 25-4 4 x x x x 

Ike  2008 Sep 1-14 4 x x x x 

Paloma 2008 Nov 5-9 3    x 



 162 

Paula 2010 Oct 14-15 2 x x x x 

Isaac 2012 Aug 26-27 1    x 
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Figure D1. Relative abundance of brooder corals (gray) and broadcaster corals 
(black) across sites. Zone 1 (Calle 16, Calle 30 and Santa Fe), Zone 2 (Baracoa 
and Calderas) and Zone 3 (Henequen and Bacunayagua) 
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