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ABSTRACT 

ASSOCIATIONS BETWEEN HERBIVORE FUNCTIONAL GROUP DIVERSITY 
AND DENSITY AND ECOSYSTEM FUNCTIONING IN THE CARIBBEAN 

Advait Mahesh Jukar, M.S. 

George Mason University, 2014 

Thesis Director: Dr. Thomas E. Lovejoy 

 

With an increase in the rate of biodiversity loss, much research has been focused on 

understanding the relationship between biodiversity and ecosystem functioning. Past 

research has shown that both the diversity and density of functional groups is positively 

related to ecosystem functions. This thesis explores the relationship between the variation in 

macroalgal and coral cover and five herbivorous fish functional groups on 51 reefs in the 

Caribbean. The main aims are to determine which functional groups significantly affect 

macroalgal cover and coral cover, both direct and indirect proxies for herbivory, and to 

understand the relative importance of functional group diversity and density in the function 

of herbivory. Linear mixed effect models are used to determine the relationships. The 

primary findings are 1) large parrotfish are negatively associated with macroalgal cover. 

These fish are known to consume large quantities of macroalgae, suggesting that this 

functional group is playing an important role in the function of herbivory, and 2) the density 

of territorial damselfish is negatively associated with macroalgal cover and positively with 



x 
 

coral cover. A more detailed analysis of the functional group revealed high densities of only 

two species-Stegastes partitus and Stegastes adustus. It is known that these species do not exclude 

macroalgae from their territories, but prefer habitats with high coral cover and low 

macroalgal cover, suggesting that the relationship between territorial damselfish density and 

benthic cover is a result of habitat preference rather than herbivory. In addition to these 

findings, diversity was not a robust predictor of benthic cover, suggesting that merely 

increasing the species richness of an assemblage will not result in increased functioning; a 

proportional increase in fish density is required. 
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INTRODUCTION 

Research driven by the recent loss of biodiversity has shown that species influence 

the structure of habitats, biogeochemical cycles and the productivity of ecosystems 

(Cardinale et al. 2012). A corollary to such studies is that a loss of biodiversity can 

significantly change the functioning of ecosystems. A functional group perspective of 

biodiversity and ecosystem functioning has emerged (Naeem et al. 2012).   

The functioning of an ecosystem is not determined by the phylogenetic make up of 

the biota, but by the distribution of functional traits (Naeem and Wright 2003). A functional 

trait is a phenotypic trait that is associated with a particular biogeochemical function or 

ecosystem property (Naeem and Wright 2003). In an ecosystem, multiple species that share 

functional traits are classified as functional groups (Naeem and Wright 2003). Complex 

functions like herbivory, which involve interactions among a great number of species at 

different trophic levels, can be governed by a number of functional groups, each performing 

a different role in the larger process (Steneck and Dethier 1994).   

While much of what we know about the role of biodiversity in ecosystem 

functioning comes from experiments on plant functional diversity and functions such as 

primary productivity, nitrogen processing and biomass, some general trends have been 

documented (Naeem et al. 1995; Tilman et al. 1996; Tilman 1997; Loreau et al. 2001; Hooper 

et al. 2005; Cardinale et al. 2011). For instance, how well an ecosystem function is performed 

depends on the diversity within functional groups (and among functional groups if the 
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function is governed by more than one), and the abundance of individual functional groups 

(Hooper et al. 2002; Cardinale et al. 2012). Greater species diversity within functional groups 

can increase the efficiency of performing the function by complimentary resource use, also 

known as resource partitioning (Loreau and Hector 2001). For example, Bueno and 

colleagues found that tapirs and spider monkeys disperse seeds of different sizes in different 

locations in the rainforest, but both contribute to the function of seed dispersal (Bueno et al. 

2013). A loss of either of these species would change the floral composition of the forest by 

preventing the recruitment of some tree species. Similar effects have also been seen in 

pollinator communities, in steppe sagebrush communities and in reef fish, thus highlighting 

the importance of species diversity within functional groups across a range of ecosystems 

(Anderson and Inouye 2001; Burkepile and Hay 2011; Fründ et al. 2013). Diversity also 

increases the probability of finding a more productive species in the functional group 

(Tilman 1997; Cardinale et al. 2006).   

Functional groups can exhibit complementarity of resource use as well (Tilman 

1997). Studies on insectivory by bird functional groups showed that an increase in 

insectivorous bird functional groups resulted in an increase in the number of arthropods 

consumed (Philpott et al. 2009). They also showed that certain functional groups were 

responsible for a disproportionate amount of arthropod removal suggesting that particular 

functional groups play a larger role in the overall function (Philpott et al. 2009). Similar 

effects have been seen on temperate grasslands where certain plant functional groups are 

more efficient at performing a particular function (Tilman 1997). 

The numerical abundance of a functional group also results in greater functioning. 

On coral reefs, the density of certain herbivorous functional groups is positively related to 
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the amount of algae grazed (Lewis and Wainwright 1985; Steneck and Dethier 1994; Cheal et 

al. 2010). 

While both diversity and density are important factors that influence functioning, we 

still lack a clear understanding of the relative contribution of diversity and density in 

ecosystem functioning in many ecosystems, i.e. is a function mediated by one very abundant 

species or is the function performed better when multiple, equally abundant species 

contribute to it. Knowledge of how functional groups influence ecosystem processes will 

improve our understanding of how biodiversity loss affects these processes. 

 Coral reefs provide an excellent model to study these relationships. These are highly 

diverse ecosystems with a number of different functional groups, each including many 

species. The herbivore guild, which consists of a number of smaller functional groups, is 

important in maintaining resistance and resilience against macroalgal phase shifts (Hughes et 

al. 2007; Green and Bellwood 2009; Hughes et al. 2010). Most studies in the past have 

looked at reef herbivores as a singular functional group or have divided them on a 

phylogenetic basis (Lewis 1985; Lewis and Wainwright 1985; Lewis 1986), but recent studies 

have shown the importance of dividing herbivorous fish into groups based on their mode of 

feeding, diet or morphology (Bellwood and Choat 1990; Bellwood et al. 2003; Bellwood et al. 

2004; Green and Bellwood 2009; Heenan and Williams 2013; Johansson et al. 2013). This 

functional approach has been largely studied on reefs in the Pacific and only a few studies 

have looked at herbivorous functional groups in the Caribbean (Cardoso et al. 2009). 

Previous studies have related metrics such as biomass and abundance of the functional 

groups to the function of herbivory, but have seldom considered diversity as a metric even 

though it is now clear that herbivorous fish within the same functional group feed 
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preferentially on different algal species, at different levels of succession, and at different 

times of the year (Mantyka and Bellwood 2007; Burkepile and Hay 2008; Burkepile and Hay 

2010; Lefevre and Bellwood 2011). These fish also indirectly increase coral cover by 

reducing macroalgae on the reefs, thus allowing for the settlement of more coral recruits 

(Burkepile and Hay 2008; Burkepile and Hay 2011).  

The primary objective of this thesis is to determine which herbivorous fish 

functional groups facilitate the process of macroalgal herbivory on Caribbean coral reefs and 

whether the function is controlled by one or by a number of highly abundant species, i.e. 

diversity. Caribbean reefs are a good model system to study the relative importance of 

diversity and density of different functional groups on the process of herbivory because of 

the considerable variation in both fish and benthic communities across the region.  

Changing Face of the Caribbean 
The Caribbean has undergone many changes since prehistoric times (Pandolfi et al. 

2003). The following sections illustrate how multiple natural and anthropogenic factors have 

resulted in the heterogeneity that we see in both fish and benthic communities across the 

region today. 

Historical Overfishing and Altered Food webs 
The Caribbean has changed since the first European explorers came to the region 

(Jackson 1997). Overharvesting of key species, disease and hurricanes have degraded the 

entire region (Pandolfi et al. 2003). The food web was once complex with many large 

vertebrates dominating higher trophic levels (Jackson et al. 2001). However, by the early 

1900s, populations of the once abundant green turtles, hawksbill turtles, west Indian 

manatees and the now extinct Caribbean monk seal were in heavy decline (Jackson 1997). 
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Artisanal fishing further reduced the populations of large predatory fish and herbivorous fish 

by the 1950s (Jackson 1997). The remaining populations of fish have been declining since 

(Paddack et al. 2009).  

Decline in Coral Cover 
Since the 1970s, coral cover in the Caribbean has fallen on average by about 50%-

80% (Gardner et al. 2003; Jackson et al. 2013). Much of this decline is a result of the 

decimation of Acropora cervicornis and Acropora palmata, the two ecologically dominant and 

abundant species of reef building corals (Aronson and Precht 2006; Pandolfi and Jackson 

2006). The causes for this decline are varied. A cold water upwelling was responsible for the 

decline of acroporids in the Florida Keys in the 1970s (Davis 1982). Jamaican arcoporids 

were mostly wiped out when Hurricane Allen passed over the region in 1980 (Woodley et al. 

1981). The region-wide spread of white band disease is also responsible for the decline from 

the late 1970s to the 1990s (Aronson and Precht 2001; Aronson and Precht 2006; Schutte et 

al. 2010; Weil and Rogers 2011). These declines led to the opening up of space on the reefs 

(Aronson and Precht 2006). But, the consequences of this loss were not apparent till the 

early 1980s. 

Mass Mortality of Diadema antillarum 
In 1983, soon after the decline of the acroporids, Diadema antillarum, one of the most 

abundant herbivorous urchins on Caribbean reefs suffered a mass mortality caused by an 

unidentified pathogen (Lessios 1988). The pathogen spread in two waves, one from the 

mouth of the Panama Canal to Bermuda and the other from the Panama Canal to Tobago 

(Lessios 1988). Before 1983, the density of Diadema ranged from about 5/m2 to about 25/m2 

(Hughes et al. 2010). After the pathogen hit in 1983 and spread, the densities dropped to 
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almost zero within a year (Lessios 1988; Jackson et al. 2013). Recovery has been scarce, 

though some locations show densities of around 3-5/m2 (Edmunds and Carpenter 2001; 

Carpenter and Edmunds 2006; Idjadi et al. 2006).  

Consequences of the Loss of Diadema and Coral Cover 
After the sudden loss of Diadema antillarum, many Caribbean reefs showed dramatic 

increases in macroalgae in the benthos (Hughes et al. 1987; Steneck 1993; Shulman and 

Robertson 1996; McClanahan and Muthiga 1998). Macroalgae became more dominant while 

the cover of crustose corraline algae decreased (Lessios 1988). The effect of the Diadema die-

off was however not felt equally across the region (Lessios 1988). For example, at Jamaica, 

algal cover increased from 1% to almost 95% in the first two years after the mass mortality 

while Curacao experienced only a 30% increase (Lessios 1988). 

A plausible hypothesis to explain this heretogeneity is the variation in herbivory on 

the reefs. Algae and coral compete for space on reefs and macroalgae are held in check by 

the process of herbivory (Mumby and Steneck 2008).  The process of herbivory depends on 

the proportion of the area grazed per unit time (Mumby and Steneck 2008). Therefore, the 

probability that an algal bloom will occur depends on the area available for colonization and 

the intensity of grazing (Mumby and Steneck 2008). These dynamics are governed by 

complex feedback mechanisms that result from interactions between algae, coral and 

herbivores (Mumby and Steneck 2008). When grazing pressure is low because of low 

densities of herbivores or the extirpation of a dominant herbivore and space for colonization 

is high due to coral mortality, macroalgae are released from grazing pressure, initiating a 

negative feedback loop. As algal succession proceeds, the community will change from turf 

algae to macroalgae (Ceccarelli et al. 2011), both of which indirectly suppress coral growth 
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by decreasing recruitment (Kuffner et al. 2006; Arnold et al. 2010). This further suppresses 

coral cover and promotes more algal growth if the resident herbivores cannot compensate 

by increasing their populations. If coral recruitment drops below replacement, the structural 

complexity of the reef decreases, which reduces fish habitat, further reducing herbivory, and 

increasing macroalgae (Wilson et al. 2008; Vergés et al. 2011). The reverse happens on reefs 

with a healthy herbivore community and high cover of corals (Mumby and Steneck 2008), 

examples of which have been seen in reefs in the Pacific and Indian Oceans (Arthur et al. 

2005; Gilmour et al. 2013).  

The freeing up of substratum because of the loss of the acroporids and the mortality 

of the dominant herbivore Diadema coupled with historical overfishing primed the region for 

these negative feedbacks. Yet, the strength of the feedbacks varied from location to location. 

Studies in the mid 1980s on the competition between Diadema and fish on grazing revealed 

an inverse relationship such that overfished reefs had a higher density of urchins and lower 

abundances of herbivorous fish (Hay 1984; Hay and Taylor 1985; Lewis and Wainwright 

1985). Therefore, reefs that had a fish community large enough to functionally compensate 

for the loss of Diadema, such as ones in the San Blas Archipelago, showed lower increases in 

macroalgae; whereas reefs that have been historically overfished and had Diadema antillarum 

filling the role of the dominant herbivore, such as the ones in Jamaica and the US Virgin 

Islands, showed greater macroalgal proliferation (Lessios 1988; Hughes 1994; Aronson and 

Precht 2006; Mumby et al. 2007).  

Modern Day Heterogeneity in the Caribbean 
There is considerable variation in both the benthic and fish communities in the 

Caribbean today. A number of factors such as bleaching and hurricanes have kept coral 
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cover low in many locations (Gardner et al. 2005; Eakin et al. 2010). Live coral cover ranges 

from 2.8 % for southeast Florida to 53.1% for the Flower Garden Banks (Jackson et al. 

2013). There is also a great deal of variation in macroalgal cover since 2005 with cover 

averaging 19.6% on less fished reefs and 31.5% on heavily fished reefs (Jackson et al. 2013).  

 Since the early 1980s, a number of marine protected areas have been established in 

the Caribbean and different management practices for fishing have been implemented, 

which has significantly affected fish populations (Mora et al. 2006; Newman et al. 2006; 

Edwards et al. 2014). Greater protection results in a higher biomass of herbivorous fish, 

which then results in more grazing (Mumby et al. 2006; Edwards et al. 2014). Human 

populations have also increased in the region, resulting in overharvesting of non-protected 

reefs (Hughes et al. 2003; Mora et al. 2011). These factors, coupled with historical 

overfishing have resulted in a great deal of variation in the fish communities in the 

Caribbean (Williams and Polunin 2001; Newman et al. 2006). For example, Williams and 

Polunin surveyed 7 reefs between 1997 and 1998 and found herbivorous fish biomasses 

ranging from 2-5g/m2 in Jamaica to 17.1g/m2 in Barbados while surveys conducted by 

Newman and colleagues (2006) in 2004-2005 showed a gradient of fish biomass, which 

ranged from 14 g/m2 to 593g/m2.  

These trends in fish, coral and algal populations suggest a shifted baseline in the 

Caribbean (Knowlton and Jackson 2008). A feature of this new baseline is that grazing 

pressure on reefs is low and has been insufficient to return macroalgae to pre-1983 levels 

(Paddack et al. 2006). It has even been suggested that a grazing threshold exists for 

herbivorous fish (Williams and Polunin 2001; Williams et al. 2001). Other studies have 

shown that present herbivore populations are able to prevent the further growth of 
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macroalgae, but are unable to reduce the overall cover to historical levels (Paddack et al. 

2006). However, it is clear that a negative association exists between macroalgae and 

herbivorous fish (Williams and Polunin 2001; Newman et al. 2006).   

Herbivorous fish and ecosystem functioning in the Caribbean 
It is clear now that the fish communities on reefs can be viewed as indicators of the 

strength of the process of herbivory. It has also been seen that some of the variation in 

macroalgal cover on reefs is driven by differences in the density and composition of the 

herbivore guild (Lewis and Wainwright 1985; Paddack et al. 2006). But the effect of 

herbivore diversity on macroalgal cover has rarely been studied or fully explored despite 

significant variation in the composition of herbivores across reefs (Paddack et al. 2006). This 

section highlights the importance of dividing herbivorous fish into functional groups and 

discusses the importance of diversity and density of herbivorous fish in ecosystem 

functioning on coral reefs. 

Herbivorous Fish and Functional Groups 
Herbivorous fish on reefs comprise of a variety of families including the Acanthuridae 

(surgeonfish), the Scaridae (parrotfish), and Pomacentridae (damselfish) (Green and Bellwood 

2009). Other families such as the Blenniidae (blennies) and Gobiidae (gobies) have some 

herbivorous members as well (Green and Bellwood 2009). These fish feed on a variety of 

algae (macroalgae, turf algae, corraline algae), detritus and the coral itself (Choat 1991; 

Steneck and Dethier 1994; Green and Bellwood 2009). Observational and experimental 

studies on Caribbean reefs show differences in diet and feeding behavior among different 

taxa which can allow us to classify these fish into functional groups (Ogden and Lobel 1978; 

Lobel 1980; Lobel and Ogden 1981; Lewis 1985, 1986; Bruggemann et al. 1994; Bruggemann 
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et al. 1996; McAfee and Morgan 1996; Paddack et al. 2006; Cardoso et al. 2009; Burkepile 

and Hay 2010, 2011).  

One can first start classifying herbivorous fish into functional groups based on 

whether they are territorial or mobile. Fish from the family Pomacentridae are territorial 

(Green and Bellwood 2009). The damselfish farm algae within their territories and guard 

them against other roving herbivores (Lobel 1980). The role these fish play in controlling 

macroalgae and turf algae on the reefs in still unclear. Some studies have shown that 

macroalgae tends to grow within their territories (Ceccarelli et al. 2005), while others have 

shown farmers exclude macroalgae (Ceccarelli et al. 2011). It is likely that these effects are 

species specific as shown in a study by Hoey and Bellwood (2009). They showed that 4 out 

of 6 species of damselfish on the Great Barrier Reef excluded macroalgae while the 

territories of 2 species were characterized by brown macroalgae (Hoey and Bellwood 2009a). 

Few studies have looked at the effect of damselfish on the benthic community in the 

Caribbean. Lobel (1980) showed that Stegastes nigricans feeds primarily on epiphytic blue green 

algae but does not feed on the red macroalgae, Gelidium pulchellum (Lobel 1980). Similarly, 

Hinds and Ballantine found that S. nigricans allows the growth of macroalgae such as Dictyota 

and Halimeda (Hinds and Ballantine 1987). While these fish might result in more macroalgae 

on the reefs, their role is still unclear since the literature mostly comprises of studies of one 

species out of a family that includes 9 species in the Caribbean (Choat 1991).  

Acanthurids and Scarids are not territorial and can be classified as mobile herbivores. 

These mobile fish can be further classified into other functional groups based on the impact 

they have on the substratum. Grazers like the surgeonfish feed on epilithic turf algae and 

smaller macroalgae, but do not scrape off or remove parts of the substratum (Burkepile and 
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Hay 2010; Marshell and Mumby 2012).  Other families such as the blennies also play a role 

in grazing (Wilson 2009). Like the grazers, detritivores also remove turf algae in their search 

for food, thus preventing the recruitment of macroalgae and removing smaller macroalgae 

from the substratum (Lewis 1986). Collectively, this group is called the grazers and 

detritivores (Green and Bellwood 2009). The other functional group that does not have an 

impact on the substrate is the browser group. These fish, for example, Sparisoma radians, 

preferentially feed on macroalgae without scaring the substrate (Lobel and Ogden 1981).  

Parrotfish from the family Scaridae that scrape the surface of the substratum to feed 

on epilithic turf algae can be classified as scrapers and excavators (Bellwood and Choat 1990; 

Green and Bellwood 2009). Scrapers remove small amounts of the matrix while excavators 

take deeper bites (Green and Bellwood 2009). They have specialized beaks and teeth that 

allow them to do so (Bellwood and Choat 1990). These fish prevent the settlement and 

overgrowth of macroalgae and provide a clean surface for coral recruitment (Paddack et al. 

2006; Hughes et al. 2007; Hoey and Bellwood 2008).  

Scrapers and excavators can be further separated by size since studies have found 

different size classes have significantly different impacts on the benthic community (Green 

and Bellwood 2009). Bonaldo and Bellwood (2009) showed that per kilogram of biomass, 

small individuals from the species Scarus rivulatus grazed a greater area while large individuals 

removed a larger volume of algae and matrix. This suggests that smaller individuals might 

control the height of algal turfs but are unable to remove large amounts of it and free up 

substratum for coral colonization (Bonaldo and Bellwood 2008). In the Caribbean, Scarus 

vetula and Sparisoma viride are the largest excavators. They feed on epilithic algal turfs by 

taking large bites of the substratum. A study on the foraging behavior of different size 
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classes of these two fish showed that larger individuals were responsible for more epilithic 

algal turf removal and more bioerosion, a key process for the recruitment of crustose 

corraline algae and corals (Bruggemann et al. 1996). Other studies in the Caribbean have 

shown that when the density of large bodied parrotfish increases in unfished areas, the 

grazing intensity almost doubles and macroalgal cover is significantly reduced (Mumby et al. 

2006). Experimental studies have also shown similarities in the feeding behavior of large 

bodied species like Scarus guacamaia and Sparisoma viridae (Burkepile and Hay 2011).  

Importance of functional diversity of herbivorous fish on coral reefs 
Theory would suggest that greater herbivore diversity would benefit the function of 

herbivory because different herbivores have different feeding strategies, dietary preferences 

and tolerances towards algal defenses (Lubchenco and Gaines 1981; Paul and Hay 1986; 

Duffy and Hay 1990; Duffy 2002). Diversity provides redundancy and complementarity of 

function as well has a high probability that a high functioning species or group is present in 

an assemblage, all of which have been studied on reef herbivores (Bellwood et al. 2003; 

Bellwood et al. 2006; Burkepile and Hay 2008; Hoey and Bellwood 2009b; Burkepile and 

Hay 2011).  

Observational studies in the Caribbean have shown that herbivorous fish within the 

same functional group show shared resource use, but the proportion of resources consumed 

by each species is different, showing some amount of complementarity with the group 

(Bruggemann et al. 1994; McAfee and Morgan 1996; Cardoso et al. 2009). These effects 

apply to functional groups as well. Caged exclosure studies that test the effect of herbivore 

species richness on macroalgae on coral reefs have shown that mixed species treatments 

(species richness=2) decreased the abundance of macroalgae by 54-76% as compared to 
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single species treatments (Burkepile and Hay 2008). The species that were used were 

Acanthurus bahianus, Sparisoma aurofrenatum and Scarus taeniopterus. Acanthurus bahianus belongs 

to the grazer/detritivore functional group while the other two species are small scrapers and 

excavators. Acanthurus bahianus and Sparisoma aurofranatum and Scarus taeniopterus fed on 

different species of macroalgae, showing complementarity within a functional groups and 

between functional groups. Similar experiments have shown that Acanthurus bahianus and 

Scarus taeniopterus reduced the cover of upright macroalgae and turf algae in early successional 

stages but did not have an effect on late successional macroalgae, whereas Sparisoma 

aurofrenatum did not have any effect on early stage macroalgae, but significantly reduced late 

stage species (Burkepile and Hay 2010). This study further highlights the importance of 

feeding complementarity both within and between functional groups. Other studies have 

also shown some redundancy in function within functional groups. For example, caged 

experiments in the Florida Keys showed that Sparisoma aurofrenatum and Sparisoma chrysopterum, 

both small scrapers and excavators are functionally redundant and Acanthurus coerulus and 

Acanthurus bahianus, both grazers/detritivores are functionally similar (Burkepile and Hay 

2011). However, limited functional redundancy is becoming increasingly apparent, implying 

either the importance of one high functioning species (Bellwood et al. 2003; Mantyka and 

Bellwood 2007; Hoey and Bellwood 2008; Hoey and Bellwood 2009b).   

Importance of herbivore density in the function of herbivory on coral reefs 
Studies suggest that the population density of herbivores is related to grazing 

intensity (Mumby and Steneck 2008). Experiments on reefs have shown that grazing 

intensity is highly correlated with herbivore abundance (Lewis and Wainwright 1985; Lewis 

1986). Studies on the Great Barrier Reef have also shown that the abundance of different 
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functional groups along is an important factor in controlling macroalgal proliferation after a 

disturbance. For example, Cheal et al. (2010) conducted a long-term study on the role of 

functional diversity on phase shifts on three reefs in the Great Barrier Reef system between 

the years 1997 and 2007. In 1998, a mass-bleaching event caused significant coral mortality 

and subsequent cyclones and crown of thorn starfish outbreaks further reduced coral cover. 

However, only one out of the three reefs surveyed showed increases in macroalgae (Cheal et 

al. 2010). They found that the reef that showed the increase in algae had low abundance of 

grazers and browsers (Cheal et al. 2010). Similarly, studies on the Scott Reef system in 

Western Australia have shown that algal turfs and macroalgae were controlled after corals 

suffered mass mortality due to the 1998 bleaching event because of the high densities of 

herbivorous fish (Gilmour et al. 2013). High herbivore abundance has also been linked to 

reef resilience against macroalgal growth post the 1998 bleaching event in the Lakshadweep 

Islands off the south western coast of India (Arthur et al. 2005). In the Caribbean, spatial 

variation in algal consumption rates has been attributed in part to the density of herbivorous 

fish (Paddack et al. 2006). Mumby et al. (2006) studied the process of grazing by parrotfish 

inside and outside the Exuma Cays Land and Sea Park. Within the park where fishing is 

banned, the density of large bodied parrotfish like Sparisoma viridae and Scarus vetula was 

nearly double of that on reefs where fishing was allowed whereas the density of small 

parrotfish did not differ between fished reefs and the park (Mumby et al. 2006). The high 

density of large parrotfish inside the park resulted in an increase in grazing intensity such 

that macroalgal cover was four times as low in the park as opposed to outside the park 

(Mumby et al. 2006). 
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Goals of this study 
The aim of this study was to investigate the association between the diversity and 

density of five herbivorous functional groups-grazers/detritivores, browsers, large scrapers 

and excavators, small scrapers and excavators and territorial damselfish, on macroalgal cover 

and coral cover (surrogates for the process of herbivory) on Caribbean coral reefs. This 

study uses data from a number of different reefs, collected for the Global Coral Reef 

Monitoring Network’s Report on the Status and Trends of Caribbean Coral Reefs from 1970 

to 2011, to explore these relationships. Specifically, this thesis tests the hypothesis that 

functional diversity and density is negatively associated with macroalgal cover and positively 

with coral cover in an effort to determine the relative importance of these characteristics to 

the function of herbivory. Using such an approach, this thesis hopes to provide an 

understanding of how herbivorous fish affect the process of herbivory on profoundly 

disturbed reefs and assess the relative importance of different functional groups in this new 

Caribbean baseline. 
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METHODS 

Database 
The data for this study was a subset of the data collected for the Global Coral Reef 

Monitoring Network’s (GCRMN) report on the status and trend of Caribbean reefs for the 

years 1970-2011. The report used data that consisted of records for percent cover of 

macroalgae, percent coral cover and fish density from 90 reef locations distributed among 34 

countries, states and territories. These records were obtained from published literature, 

scientific reports and raw data from principal investigators (Jackson et al. 2013). Data were 

nested and organized as follows: every country had one or many geographic locations 

determined by oceanographic conditions and political boundaries. Each location had reef 

sites clustered within that were sampled to gather the data. Each site is characterized as an 

individual geographic location with unique spatial coordinates. The basic sampling unit was a 

survey, which is a set of replicate data points collected at that site, at a particular depth on a 

particular date. The majority of surveys were conducted by belt transects and by stationary 

point count. 

For the purposes of this study, only sites where the entire fish assemblage was 

surveyed were chosen. This limited the dataset to 23 locations. Out of these locations, only 

locations where data for coral cover, macroalgal cover and fish density were present were 

selected. This brought the number of locations down to 21. Data for fish, macroalgae and 

coral cover were paired up within locations and only sites with paired data were retained. 

While some sites were sampled over multiple years, the majority of sites were sampled in the 
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years 2005, 2010 and 2011. This study only used sites sampled in the latter three years. When 

sites were sampled in more than one of these years, the earliest sampling year was used in the 

analysis. To reduce any errors caused by differences in sampling technique, only surveys 

conducted by the belt transect sampling technique were considered. The final dataset 

consisted of 51 sites from 14 locations in 7 countries and territories (Table 1, Figure 1).  

 

 
Figure 1: Sites used in this study. 

 

Data points in the analyses represent individual sites. Percent cover of coral and 

macroalgae and fish densities were averaged across surveys at a particular site. When multiple 

depths were surveyed, these results were averaged such that each site consisted of only one 

data point. In order to maintain comparability between sites, only sites sampled at depths of 
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5-15m were used since this range contains the herbivorous fish assemblage in question (Fox 

and Bellwood 2007; Froese and Pauly 2011).  

 

Table 1: Site Summary 
Country Location Site Latitude (N) Longitude (E) Year 

Rocky Point 25.996612 -77.400922 
Little Harbor 26.323901 -76.991601 
Pelican Cay 26.397833 -76.988495 
Man o War 26.621217 -77.0055 
Fowls Cay 26.637166 -77.038481 

 
2011  

Bahamas 
 

Bahamas other 

Guana Cay 26.709667 -77.154083  
South Middle Cay 16.72875 -87.82867 
Middle Cay 16.73703 -87.80536 
Half Moon 17.2056 -87.54679 

Belize Atoll Windward 

Calabash 17.26147 -87.8197 

2010 

South Water 16.81346 -88.07756 
Tobacco 16.91911 -88.04757 Belize Central Barrier 
Alligator 17.1966 -88.05115 

2010 

Hol Chan 17.86343 -87.97238 Belize Northern Barrier 
Tackle Box 17.91056 -87.95083 

2010 

Southwest 16.1123 -88.25586 
Nicholas 16.11247 -88.27107 
Ranguana 16.28501 -88.15031 

Belize 

Belize Southern Barrier 

Pampion 16.3731 -88.08913 

2010 

Ebano 22.079144 -81.075994 
Punta Perdiz 22.110027 -81.116257 Cuba Southwest 
Cueva Peces 22.166266 -81.138273 

2005 

Paradaiso 20.713095 -78.813317 
Pulpo 20.949168 -79.180373 

Cuba 
 

Jardines de la Reina 
 

Cana 21.031985 -79.318677 
2005 

PB 14.44716667 -60.90505 Martinique 
 FB 14.6579 -61.15755 

2005 

IC 17.88815 -62.81255 
French Antilles 

 St. Barthelemy 
 PS 17.8993 -62.87713333 

2005 

Dairy Bull 18.470777 -77.39473 
Braco 18.486326 -77.505606 Jamaica North Central 
Rio Bueno 18.49458 -77.636601 

2005 

MBMP hani 18.454019 -77.973051 
MBMP W 18.468007 -78.018775 
MBMP C 18.462512 -77.950237 

Jamaica 
 

Montego Bay 

MBMP N 18.495691 -77.931944 

2005 
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Loggerhead E 24.628755 -82.920176 
Long Key 24.621159 -82.862619 
Marker K 24.625486 -82.814166 
Loggerhead W 24.634734 -82.927347 
Easy Key 24.6525583 -82.801914 

Dry Tortugas 
 

Loggerhead NW 24.667616 -82.913323 

2005 

Sambos 24.468372 -81.69593 
Rock Key 24.481884 -81.996363 
Sand Key 24.492668 -82.037831 
Nice Foot 24.521693 -81.538687 
American Shoals 24.531217 -81.485918 

USA 
 

Lower Keys 
 

Looe Key 24.5521 -81.397816 

2005 

Great Pond 17.71097 -64.65221 
Eagle Ray 17.7615 -64.6988 

USVI 
 St. Croix 

Buck Island 17.785 -64.60917 
2005 

 

Functional Classification 
This study classifies herbivorous fish into five functional groups-grazers/detritivores 

(GD), browsers (B), large scrapers/excavators (LSE) and small scrapers/excavators (SSE) 

and territorial damselfish (TDF). Species were sorted into these five categories (Table 2)  

 

Table 2: Fish Functional Groups 
Species Name Family Functional Group 

Archosargus rhomboidalis Sparidae B 
Sparisoma radians Scaridae B 

Acanthurus bahianus Acanthuridae GD 
Acanthurus chirurgus Acanthuridae GD 
Acanthurus coeruleus Acanthuridae GD 

Acanthurus UNK Acanthuridae GD 
Centropyge argi Pomacanthidae GD 

Coryphopterus eidolon Gobiidae GD 
Cryptotomus roseus Scaridae GD 

Gnatholepis thompsoni Gobiidae GD 
Melichthys niger Balistidae GD 

Ophioblennius macclurei Blenniidae GD 
Scartella cristata Blenniidae GD 
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Scarus coelestinus Scaridae LSE 
Scarus coeruleus Scaridae LSE 

Scarus guacamaia Scaridae LSE 
Scarus vetula Scaridae LSE 

Sparisoma viride Scaridae LSE 
Nicholsina usta Scaridae SSE 

Scarus iserti Scaridae SSE 
Scarus sp. Scaridae SSE 

Scarus taeniopterus Scaridae SSE 
Scarus UNK Scaridae SSE 

Sparisoma atomarium Scaridae SSE 
Sparisoma aurofrenatum Scaridae SSE 
Sparisoma chrysopterum Scaridae SSE 

Sparisoma rubripinne Scaridae SSE 
Sparisoma sp. Scaridae SSE 

Sparisoma UNK Scaridae SSE 
Microspathodon chrysurus Pomcentridae TDF 

Stegastes adustus Pomcentridae TDF 
Stegastes diencaeus Pomcentridae TDF 

Stegastes dorsopunicans Pomcentridae TDF 
Stegastes partitus Pomcentridae TDF 
Stegastes species Pomcentridae TDF 
Stegastes variabilis Pomcentridae TDF 

 

based published studies and online databases (Halpern and Floeter 2008; Froese and Pauly 

2011; Edwards et al. 2014). Fish with average length greater than 25 cm were designated as 

large scrapers/excavators. These lengths were not available for the actual fish data, but were 

determined from FishBase (Froese and Pauly 2011). 

Data Analysis 

Benthic cover 
Percent macroalgal and coral cover were the response variables in the dataset. Since 

measurements were of percent cover, they were square root transformed to reduce the 

mean-variance relationship and meet the assumptions of linear modeling.  
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Explanatory Variables 
The primary explanatory variables tested were the diversity and density within fish 

functional groups. In addition, the diversity and density of all herbivorous fish was also 

determined. The Shannon-Weiner diversity index (H’) was used as a metric of diversity. The 

assumption of this index is that all the species in the community are present in the sample 

(Magurran 2004). The index is structured as follows: 

 

Equation 1: Shannon-Weiner Diversity Index 
H’= -!piln(pi) 

 

where pi is the proportion of the ith species. Therefore, the diversity of a group will increase 

with the increase in species richness and the relative abundance of individuals. 

This metric is fairly independent of sample sizes (Soetaert and Heip 1990); an important 

characteristic since sampling effort was not uniform across sites. 

The density of the herbivorous fish guild and of the functional groups was calculated 

by averaging the density of fish across all transects at a particular site and further averaging 

by depth if the site was sampled at multiple depths. The density is represented as number of 

fish per m2. 

Statistical Techniques 
Multiple linear regressions were used to determine the relationship between the 

explanatory variables and macroalgal cover. Initial data exploration and preliminary analyses 

showed heterogeneity in the residual variance when the explanatory variables were being 

tested were fish density, which was then corrected using natural log transformations of the 
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density variables. Since the data at the site level are nested within geographic locations, the 

data points are not assumed to be independent. A linear mixed effect model approach was 

therefore used to accommodate for this lack of independence using the R package ‘nlme’. 

Location was used as a random factor in the analyses along with the other explanatory 

variables, which were used as fixed effects. Intraclass correlation coefficients (ICC) were 

calculated for each model to determine the correlation of sites within location (Zuur et al. 

2009). 

A high degree of multicollinearity was present between the density of the territorial 

damselfish and that of small scrapers/excavators and large scrapers/excavators. Since a 

negative correlation was observed between the densities of LSE and SSE, these two variables 

were converted into a ratio (LSE/SSE) and then log transformed to satisfy the assumptions 

of linear modeling. This significantly reduced the correlation between these two variables 

and TDF density.  

Nutrient pollution was tested as an alternate explanation for macroalgal cover. The 

area of agricultural land as a percentage of total land area was used as a function of nutrient 

inputs. Land area under cultivation has been used in the previous studies as a proxy for 

nutrient input (Mora 2008). Since nutrients can affect macroalgal cover, this variable was 

compared with the fish variables to determine its relative importance. Data for agricultural 

land were acquired from the World Bank’s World Development Indicators Database 

(http://databank.worldbank.org/data/views/reports/tableview.aspx) and from the United 

Nations’ Department of Economic and Social Affairs Environmental Statistics dataset 

(http://unstats.un.org/unsd/environment/Questionnaires/country_snapshots.htm).   
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A manual backwards stepwise procedure was used to determine which variables 

significantly affected both response variables, using an "=0.05 threshold. Models fit using 

maximum likelihood were used for variable selection and model ranking. Log-likelihood 

tests were used to differentiate between candidate models in order to determine the 

importance of particular variables. The best-fit models were refit using restricted maximum 

likelihood. The significance of the fixed effects from the final model was confirmed with p-

values using the R package ‘nlme’.  Studies have shown that the indirect effect of increasing 

the diversity and biomass of herbivorous fish is greater coral cover (Burkepile and Hay 2008; 

Jackson et al. 2013). Model selection was confirmed using Akaike’s information criterion 

corrected for small sample sizes (AICc) and Akaike weights (wi). 
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RESULTS 

Benthic Cover 
Percent macroalgal cover and coral cover varied across locations and among sites  

at individual locations (Figure 2). All locations except for St. Croix in the US Virgin Islands   

 
Figure 2: Average percent cover of coral and macroalgae. 
Average coral cover and macroalgal cover for the 14 locations used in this study. Error bars represent the range of 
values at each location. Grey bars represent macroalgae while black bars represent coral. The grey dashed horizontal 
line is the average macroalgal cover across all locations while the solid horizontal black line is the average coral cover 
across all locations. See text for means. 
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and Cuba Southwest showed greater macroalgal cover than coral cover. The average cover 

of macroalgae across all sites sampled was 39.30±19.27 percent while coral cover was 

17.28±8.61 percent. Macroalgal cover ranged from a high of 75.93% at Montego Bay central 

in Jamaica to 2.95% at Buck Island reef in St. Croix. Coral cover ranged from 51.06% at 

Loggerhead Key NW in the Dry Tortugas to 4% at Loggerhead Key W in the Dry Tortugas. 

Coral cover was most variable in the Dry Tortugas with a range of 47.06%, (mean=16.63%, 

s.d.=17.36, N=6) while the location with the lowest variability was the Belize central barrier 

with a range of 3.34% (mean=22.09%, s.d.=1.69, N=3). The location with the highest 

variability in macroalgal cover was the Dry Tortugas with a range of 56/13% 

(mean=43.16%, s.d.=21.12, N=6) while St. Croix had the least variability with a range 2.26% 

(mean=3.97%, s.d.=1.15, N=3). 

Fish Assemblages 
The most conspicuous trend seen across the reefs sampled is the absence of the two 

species, Sparisoma radians and Archosargus rhomboidalis. These two species constitute the 

Browser functional group and feed primarily on macroalgae.  

All other functional groups were present on the reefs, but in varying capacity. The 

average diversity of grazers/detritivores (GD) was 0.73±0.20 (Figure 3) while the average 

density of this functional group was 0.0056±0.0054 fish/m2 (Figure 4). Reef locations 

showed considerable variation in diversity and density. The lowest diversity was seen at 

Loggerhead NW in the Dry Tortugas (H’=0; note, an H’ of 0 implies that there was either 1 

or 0 species present) while the highest diversity was seen at Eagle Ray in St. Croix (H’=1.18). 

The lowest density of grazers/detritivores was seen at site FB in Martinique (density=0.0005 

fish/m2) while Little Harbor in the Bahamas had the highest density (density=0.02 fish/m2).  
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Figure 3: Diversity of the herbivorous functional groups used in this study. 
The figure shows the average Shannon-Weiner diversity index (H’) for each functional group at the 14 locations 
analyzed in this study. The error bars represent the range of values at each location showing the variation in the region. 
Green bars represent the GD functional group, blue bars represent the LSE functional group, red bars represent the SSE 
functional group, orange bars represent the TDF functional group and yellow bars represent the B functional group. 
The horizontal lines represent the average H for the functional groups calculated across all locations. The color of the 
line indicates the functional group. See text for means. 

 

The location with the highest variation in diversity was the Dry Tortugas (Range=0.82, 

mean=0.57, s.d.=0.3), with minimum diversity seen at Loggerhead NW (H’=0) and 

maximum diversity seen at Loggerhead E (H’=0.82). St. Barthélemy had the lowest variation 

in diversity of grazers/detritivores between the two sites sampled (Range=0.02, mean=0.7, 

s.d.= 0.01, N=2) with minimum diversity of 0.68 at site IC and maximum diversity of 0.71 at 

site PS. Lowest variation in density of GD was seen at Martinique (Range=0.0005, 
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mean=0.0007, s.d.=0.0003, N=2) with minimum density of 0.0005 fish/m2 at site FB and 

maximum density of 0.0010 fish/m2 seen at site PB. The highest variation in density was 

seen in the Bahamas (Range=0.01, mean=0.017, s.d.=0.005, N=6) with the minimum 

density of 0.007 fish/m2 found at Rocky Point Reef and maximum density of 0.02 fish/m2 

found at Little Harbor reef.  

 

 
Figure 4: Density of the herbivorous functional groups used in this study. 
The figure shows the average density (number of fish/m2) for each functional group at the 14 locations analyzed in this 
study. The error bars represent the range of values at each location showing the variation in the region. Green bars 
represent the GD functional group, blue bars represent the LSE functional group, red bars represent the SSE functional 
group, orange bars represent the TDF functional group and yellow bars represent the B functional group. The 
horizontal lines represent the density for the functional groups averaged across all locations. The color of the line 
indicates the functional group. See text for means. 
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The average diversity of large scrapers/excavators (LSE) was 0.34±0.39 (Figure 3) 

while the average density was 0.0016±0.0017 fish/m2 (Figure 4). Reef locations showed 

considerable variation in diversity and density. Over half the reefs sampled, including reefs 

from all the countries except the Bahamas had zero diversity of this group. The highest 

diversity was found at the lower keys in Florida with a mean diversity of 0.99±0.73. Lowest 

variation in diversity of LSE was seen at St. Barthélemy (Range=0.03, mean=0.59, s.d.=0.02, 

N=2) with minimum diversity of 0.58 fish/m2 at site IC and maximum diversity of 0.61 seen 

at site PS. The highest variation in diversity was found in the Dry Tortugas (Range=0.94, 

mean=0.54, s.d.=0.34, N=6). The maximum diversity was found at Loggerhead East 

(H’=0.94) while the minimum diversity was found at Loggerhead W (H’=0). The maximum 

density of LSE was found at Fowls Cay in the Bahamas (density=0.0035 fish/m2) while the 

minimum density was found at Long Key in the Dry Tortugas (density=0.0001 fish/m2). 

The highest variation in density was seen in the Bahamas (Range=0.006, mean=0.004, 

s.d.=0.002, N=6) with the maximum density of 0.007 fish/m2 found at site Fowls Cay and 

minimum density of 0.0009 fish/m2 found at Rocky Point. The lowest variation in density 

was found at St. Barthélemy (Range=0.0002, mean=0.0009, s.d.=0.0001, N=2), with 

maximum density of 0.0009 fish/m2 found at site PS while the minimum density of 0.0009 

fish/m2 found at site IC. 

The average diversity of small scrapers/excavators (SSE) was 1.06±0.35 (Figure 3) 

while the average density was 0.010±0.009 fish/m2 (Figure 4). Reef locations showed 

considerable variation in diversity and density. Rocky Point reef in the Bahamas had zero 

diversity, which represents the minimum diversity of this group. The highest diversity was 

found at Montego Bay west in Jamaica with a mean diversity of 0.99±0.73. Lowest variation 
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in diversity of SSE was seen at St. Barthélemy (Range=0.037, mean=1.05, s.d.=0.03, N=2) 

with minimum diversity of 1.02 at site IC and maximum diversity of 1.07 seen at site PS. The 

highest variation in diversity was found in the Bahamas (Range=1.09, mean=0.77, s.d.=0.39, 

N=6) with maximum diversity at Fowls cay (H’=1.09) and minimum diversity at Rocky 

Point (H’=0). The maximum density of SSE was found at Cueva Peces in Cuba 

(density=0.039 fish/m2) while the minimum density was found at Sand Key in the Lower 

Keys (density=0.0005 fish/m2). The highest variation in density was seen at Cuba Southwest 

(Range=0.03, mean=0.02, s.d.=0.01, N=3) with the maximum density of 0.04 fish/m2 found 

at site Cueva Peces and minimum density of 0.01 fish/m2 found at Ebano. The lowest 

variation in density was found at St. Barthélemy (Range=0.002, mean=0.003, s.d.=0.001, 

N=2), with maximum density of 0.004 fish/m2 found at site IC while the minimum density 

of 0.002 fish/m2 found at site PS. 

The average diversity of territorial damselfish (TDF) was 0.52±0.31 (Figure 3) while 

the average density was 0.010±0.008 fish/m2 (Figure 4). Loggerhead West in the Dry 

Tortugas and Middle Cay in the Belize Atoll had zero diversity, which represents the 

minimum diversity of this group. The highest diversity was found at Great Pond in St. Croix 

(H=1.159). Lowest variation in diversity of TDF was seen at Martinique (Range=0.06, 

mean=0.04, s.d.=0.04, N=2) with minimum diversity of 0.01 at site FB and maximum 

diversity of 0.07 seen at site PB. The highest variation in diversity was found in the Dry 

Tortugas (Range=0.66, mean=0.34, s.d.=0.24, N=6) with maximum diversity at the K 

Marker (H’=0.66) and minimum diversity at Loggerhead W (H’=0). The maximum density 

of TDF was found at Punta Perdiz in Cuba (density=0.032 fish/m2) while the minimum 

density was found at Nine Foot reef in the Lower Keys (density=0.001 fish/m2). The highest 
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variation in density was seen at Martinique (Range=0.03, mean=0.016, s.d.=0.021, N=2) 

with the maximum density of 0.03 fish/m2 found at site FB and minimum density of 0.0013 

fish/m2 found at site PB. The lowest variation in density was found at St. Barthélemy 

(Range=0.001, mean=0.005, s.d.=0.0006, N=2), with maximum density of 0.005 fish/m2 

found at site PS while the minimum density of 0.004fish/m2 found at site IC. 

Model Selection 
The global model for both response variables (model 1) contained all the 

independent variables. The following is a summary of how models were selected for the 

response variable macroalgal cover. A summary of the relationship of the fixed effects to the 

response variable showed SSEDiv and GDDiv to be least significant. Candidate models 2 and 3 

were then created respectively by dropping the least significant variables (Table 3). Log 

likelihood ratio tests of model 1 with 2 showed no significant difference between the models 

(LLR=0.2899, p=0.5903). Similarly, models 1 and 3 were not significantly different from 

each other (LLR=0.3434, p=0.5578). The least significant variable (SSEDiv) was dropped and 

model 2 was used as the next full model. An analysis of the coefficients of model 2 showed 

that GDDiv and LSEDiv were the least significant. Dropping those variables respectively 

created models 4 and 5. Models 2 and 4 were not significantly different (LLR=0.2392, 

p=0.6247). Models 2 and 5 were not significant either (LLR=1.5317, p=0.2158). The least 

significant variable (GDDiv) was dropped. Thus, model 4 was the new full model. LSEDiv and 

GDdensity were the two least significant variables. Removing these variables respectively 

created models 6 and 7. Log likelihood ratio tests of model 4 and 6 showed no significant 

difference (LLR=1.3375, p=0.2475); tests for models 4 and 7 were non significant as well 

(LLR=3.1562, p=0.0756). The least significant variable (LSEDiv) was dropped. Therefore, 
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model 6 was chosen as the next full model. An inspection of the coefficients of model 6 

showed that GDdensity and TDFDiv were the least significant variables. Dropping the former 

created model 8 and model 9 was created by dropping the latter from model 6. Models 6 and 

8 were significantly different (LLR=4.3534, p=0.0369) and models 6 and 9 were significantly 

different as well (LLR=6.5442, p=0.0105). Since both these comparisons were significantly 

different, model 6 was determined to be the best model for percent cover of macroalgae. A 

similar procedure was carried out for percent cover of coral where the final model selected 

was model 8 (Table 3). Log likelihood test tables are found in Appendix A and B. The  

 

Table 3: Description of models derived from the model selection procedure 
Response 
Variable 

Model Variables 

Model 1 GDDiv+LSEDiv+SSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 2 GDDiv+LSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 3 LSEDiv+SSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 4 LSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 5 GDDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 6 TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 7 LSEDiv+TDFDiv+TDFdensity+LSEdensity/SSEdensity 
Model 8 TDFDiv+TDFdensity+LSEdensity/SSEdensity 
Model 9 GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 10 Herbivoredensity+Herbivorediversity 

Percent 
Macroalgae 

Model 11 Null Model 
Model 1 GDDiv+LSEDiv+SSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 2 GDDiv+SSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 3 GDDiv+LSEDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 4 GDDiv+TDFDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 5 GDDiv+SSEDiv+TDFDiv+GDdensity+TDFdensity 
Model 6 GDDiv+TDFDiv+GDdensity+TDFdensity 
Mode 7 GDDiv+GDdensity+TDFdensity+LSEdensity/SSEdensity 
Model 8 GDDiv+GDdensity+TDFdensity 
Model 9 TDFDiv+GDdensity+TDFdensity 
Model 10 GDdensity+TDFdensity 
Model 11 Herbivoredensity+Herbivorediversity 

Percent 
Coral 

Model 12 Null Model 
 

goodness of fit for the models was confirmed using AICc and wi (Table 6). The final models 

were refit by restricted maximum likelihood (REML) and p-values for individual parameters 
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were determined. In addition, the response variables were tested against total herbivore 

diversity and density and with no fixed effects, i.e. a null model (Table 3). 

Relationship of the Functional Variables to Macroalgal Cover 
Models that split the herbivore guild into functional groups fit better as compared to 

null model and model with total herbivore density and diversity as fixed effects (Table 6). 

Herbivore diversity (t= -1.1914, p=0.2415) and density (t= -1.8798, p=0.0685) were 

negatively associated with macroalgal cover, but the relationships were not significant. Model  

 

 
Figure 5: Relationship of the fixed effects to macroalgal cover 
Each figure shows the relationship of a particular fixed effect in the model with the square root of macroalgal cover. A 
shows the diversity of GD, B shows the diversity of LSE, C shows the Diversity of LSE, D shows the diversity of TDF, 
E shows the log density of GD, F shows the log density of TDF and G shows the log ratio of density of LSE to the 
density of SSE. Densities are measured in number of fish/m2; diversity is measured as the Shannon-Weiner Diversity 
Index. The plots represent the effects from the full model for macroalgal cover, Model 1 (see Table 3 for a description). 
Grey shaded areas represent 95% confidence intervals. 
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6 that best predicted the cover of macroalgae (Table 6). The random effect ‘Location’ had an 

ICC=0.37 suggesting moderate correlation between sites at the same location. Summary 

tables showed that the diversity of TDF (Value= -1.7202, S.E.=0.6899, df=33, t= -2.4935, 

p=0.0178), density of TDF (Value= -0.8391, S.E.=0.2507, df=33, t= -3.3465, p=0.0021) and 

the ratio of density of LSE to SSE (value= -0.7084, S.E.=0.1874, df=33, t= -3.7794, 

p=0.0006) were significantly associated with macroalgal cover (Figure 5). The variable 

GDdensity was positively associated with macroalgal cover, albeit non-significantly 

(value=0.4828, S.E.=0.2412, df=33, t=2.0016, p=0.0536) (Figure 5).  

 

Table 4: Comparison of terms from models for macroalgal cover 

 
The fixed effects are the diversity of grazers/detritivores (DivGD), diversity of large scrapers/excavators (DivLSE), 
diversity of small scrapers/excavators (DivSSE), diversity of territorial damselfish (DivTDF), log density of 
grazers/detritivores (log densityGD), log density of territorial damselfish (log densityTDF), the log ratio of the 
density of large scraper/excavators to small scraper/excavators (log densityLSE/densitySSE), agricultural land 
area. Model 6 modified with agricultural land area is 6agri. S.d. is the standard deviation; ICC=Intraclass 
correlation coefficient for sites within locations. The random intercept is for the random Location variable. For 
the fixed effects, the upper value is the coefficient and the lower value is the standard error. *=P<0.05, 
**=P<0.01, ***=P<0.001. 
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An independent comparison of the density of SSE with macroalgal cover showed a negative 

but non-significant relationship (value= -0.2500, S.E.=0.2946, df=36, t= -0.8487, p=0.4017). 

The significant negative association of the ratio of LSEdensity/SSEdensity with macroalgal cover 

suggests that LSEdensity is the driving variable in the ratio. The full model (Model 1, Table 3) 

showed the diversity of GD, LSE and SSE were not significantly associated with macroalgal 

cover. However, a slight negative association was seen with the diversity of GD and LSE 

while a slight positive relationship was seen between the diversity of SSE and macroalgal 

cover (Figure 5). A comparison of model terms is shown in Table 4. 

 

 
Figure 6: Relationship of the fixed effects to coral cover 
Each figure shows the relationship of a particular fixed effect in the model with the square root of coral cover. A shows 
the diversity of GD, B shows the diversity of LSE, C shows the Diversity of LSE, D shows the diversity of TDF, E 
shows the log density of GD, F shows the log density of TDF and G shows the log ratio of density of LSE to the 
density of SSE. Densities are measured in number of fish/m2; diversity is measured as the Shannon-Weiner Diversity 
Index. The plots represent the effects from the full model for coral cover, Model 1 (see Table 3 for a description). Grey 
shaded areas represent 95% confidence intervals. 
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Alternative hypotheses for Macroalgal Cover 
The best-fit model, Model 6, was refit with agricultural land area (as a percentage of 

total land area). A log-likelihood ratio test between the modified model and model 6 showed 

no significant difference between the two models (LL=0.2976, p=0.5854). The model 

summary showed that agricultural land area positively affected macroalgal cover, but this 

relationship was non significant (value=0.0257, S.E=0.0150, df=12, t=0.7177, p=0.1128).  

Relationship of the Functional Variables to Coral Cover 
Models that split the herbivore guild into functional groups were better than models 

that used the entire herbivore guild. Total herbivore density was positively associated with  

 

Table 5: Comparison of terms from models for coral cover 

 
The fixed effects are the diversity of grazers/detritivores (DivGD), diversity of large scrapers/excavators (DivLSE), 
diversity of small scrapers/excavators (DivSSE), diversity of territorial damselfish (DivTDF), log density of 
grazers/detritivores (log densityGD), log density of territorial damselfish (log densityTDF), the log ratio of the 
density of large scraper/excavators to small scraper/excavators (log densityLSE/densitySSE), agricultural land area 
and coral cover (sqrt coral cover). S.d. is the standard deviation; ICC=Intraclass correlation coefficient for sites 
within locations. The random intercept is for the random Location variable. For the fixed effects, the upper 
value is the coefficient and the lower value is the standard error. *=P<0.05, **=P<0.01, ***=P<0.001. 
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coral cover (t=1.4119, p=0.1668) while herbivore diversity was negatively associated with 

coral cover (t= -1.3556, p=0.1839). The relationships were not significant. A model that 

consisted of the diversity of GD, density of GD and density of TDF best predicted the 

percent cover of coral. The ICC for the model=0.10, showing little correlation between sites 

at the same location. The diversity of GD (value= -1.3891, S.E.=0.6530, df=34, t= -2.1245, 

p=0.0410), density of GD (value= -0.3792, S.E.=0.1457, df=33, t= -2.6027, p=0.0136) was 

negatively associated with coral cover while the density of TDF (value=0.4972, S.E.=0.1643, 

df=34, t=3.0276, p=0.0047) was positively associated with coral cover (Figure 6). The full 

model (Model1, Table 3) showed the diversity of LSE, SSE and TDF were negatively 

associated with coral cover, albeit non-significantly while the ratio of LSEdensity/SSEdensity was 

positively associated with coral cover (Figure 6). However, this relationship was non- 

significant as well. It is worth noting that the slope of the fixed effects significantly 

associated with macroalgal cover are the opposite of those associated with coral cover 

(Figure 5; Figure 6). Only the density of TDF is the common significant variable for both 

coral and macroalgal cover. A comparison of model terms is shown in Table 5. 

 

Table 6: Model Ranking 
Response 
Variable 

Model # AICc #AICc wi LL 

6 180.6112 0.0000 0.3353 -82.0033 
4 182.0975  1.4863 0.1595 -81.3345 
8 182.2690 1.6578 0.1464 -84.1800 
7 182.4298 1.8187 0.1351 -82.9126 
5 183.3900 2.7788 0.0836 -81.9807 
9 184.4598 3.8486 0.0490 -85.2754 
2 184.8199 4.2087 0.0409 -81.2148 
3 184.8734 4.2623 0.0398 -81.2416 
1 187.6397 7.0286 0.0100 -81.0699 
10 194.842 14.2291 0.0003 -91.7534 

Percent 
Macroalgae 

11 195.1012 14.4900 0.0002 -94.2953 
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8 142.1122 0.0000 0.3342 -64.1016 
10 143.7464 1.6342 0.1476 -66.2065 
6 143.7469 1.6347 0.1476 -63.5711 
7 143.7756 1.6643 0.1454 -63.5859 
4 145.4195 3.3073 0.0640 -62.9954 
9 145.4505 3.3382 0.0630 -65.7707 
5 146.0451 3.9329 0.0468 -63.3082 
3 148.0171 5.9049 0.0174 -62.8134 
2 148.1940 6.0817 0.0160 -62.9019 
11 149.6619 7.5497 0.0077 -69.1643 
12 150.0128 7.9006 0.0064 -71.7511 

Percent Coral 

1 150.9892 8.8770 0.0039 -62.7446 
AICc=Akaike Information Criterion corrected for small sample sizes, #AICc=delta AICc, wi=Akaike weights, 
LL=log likelihood. Models with the lowest AICc score and highest wi are the best models. The best-fit models are 
shown in bold. 
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DISCUSSION 

This study explored the associations between the herbivorous fish and benthic cover 

on Caribbean coral reefs. The diversity and density of four herbivorous functional groups 

was tested against macroalgal and coral cover in an effort to determine which functional 

group is most responsible for controlling the function of herbivory and which characteristic 

of that functional group drives this function.  

The reefs on average had almost twice as much macroalgal cover as coral cover. 

Only the reefs on St. Croix and Cuba Southwest had more coral cover than macroalgal 

cover. Smaller species of fish like the damselfish and small parrotfish were more abundant 

than the large parrotfish or the surgeonfish. These results can be explained by the fact that 

large parrotfish are more susceptible to fish traps, which has been shown to significantly 

decrease their populations (Mumby et al. 2006). Reefs also showed a considerable amount of 

variation in the diversity of functional groups.  

Both density and diversity were good predictors of macroalgal and coral cover as 

shown by the final models. But benthic cover variables were predicted by different 

functional groups. In general, models that divided the herbivorous guild into functional 

groups were better at predicting benthic cover than models that included the entire guild.  

The findings of these models show that the density of large scrapers/excavators and 

the density and diversity of territorial damselfish are significantly negatively associated with 

the cover of macroalgae. The results also show that coral cover, an indirect proxy for 
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herbivory, is significantly negatively associated with the diversity and density of 

grazers/detritivores and positively with the density of territorial damselfish. 

Herbivory on Caribbean Reefs: Size Matters 
Previous studies have shown the importance of parrotfish in reducing macroalgal 

cover in the Caribbean (Williams and Polunin 2001; Paddack et al. 2006; Burkepile and Hay 

2008; Cardoso et al. 2009; Burkepile and Hay 2010, 2011). The linear models showed that 

macroalgal cover was negatively associated with the ratio of the densities of large 

scrapers/excavators to small scrapers/excavators. Both these groups consist exclusively of 

parrotfish. In other words, as the number of large parrotfish increased with respect to the 

number of small parrotfish, macroalgal cover decreased. Both the density of large and small 

parrotfish was negatively correlated with macroalgal cover, but the significance of the ratio 

variable suggests that the large parrotfish play a more important role. While it can be 

hypothesized that the patterns seen are merely a result of habitat preference, parrotfish in the 

Caribbean do not show any such habitat preference (Rotjan and Lewis 2006). Therefore, the 

association between parrotfish density and macroalgal cover is more likely due to increased 

grazing intensity on reefs driven by the high density of large parrotfish. 

The importance of large parrotfish in ecosystem functioning has been previously 

established in the Caribbean and in the Pacific (Bruggemann et al. 1996; Bonaldo and 

Bellwood 2008). On unfished reefs in the Caribbean, where the density of large parrotfish is 

high, macroalgal cover is significantly lower than that on fished reefs, where the density of 

large parrotfish is low (Mumby et al. 2006). The density of small bodied parrotfish is seen to 

remain fairly unchanged across both fished and unfished reefs, further supporting the idea 

that large bodied parrotfish are key to the effective removal of macroalgae on reefs (Mumby 
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et al. 2006). Out of the five potential species that constitute the large scraper and excavator 

functional group, only four were present in relatively high densities on the surveyed reefs 

with only 2 reefs having four species. Scarus coelestinus was present on one reef in very low 

densities. An examination of the contribution of each species to the total diversity of large 

scrapers/excavators revealed that two species were disproportionately contributing to the 

total density-Sparisoma viride and Scarus vetula (Figure 7). It has been suggested before 

 

 
Figure 7: Relationship of the densities of individual species within the LSE to total density and diversity. 
The left panel shows the contribution of individual species to the total density of LSE. The right panel shows how the 
diversity of LSE is related to the densities of individual species within the group. Small dots=Scarus coelestinus, plus 
signs=Scarus coeruleus, open diamonds=Scarus guacamaia, open triangles=Scarus vetula and closed large 
circles=Sparisoma viride.  
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that these two species play a very important role in keeping macroalgal cover down on coral 

reefs (Mumby et al. 2006) and recent observational studies have shown that both species 

ingest large quantities of macroalgae along with other algal turfs (Cardoso et al. 2009).  

 

 
Figure 8: Relationship of the densities of individual species within the SSE to total density and diversity. 
The left panel shows the contribution of individual species to the total density of SSE. The right panel shows how the 
diversity of SSE is related to the densities of individual species within the group. Open circles=Scarus iserti, closed 
circles=Scarus sp., plus signs=Scarus taeniopterus, crosses=Scarus UNK, open diamonds=Sparisoma automarium, 
closed triangles=Sparisoma aurofrenatum, open inverted triangles=Sparisoma chrysopterum, closed 
diamonds=Sparisoma rubipinne, small dots=Sparisoma sp., inverted closed triangles=Sparisoma UNK. 

 

Scarus taeniopterus, Scarus iserti and Sparisoma aurofrenatum, the three most abundant 

small parrotfish (Figure 8) contribute the most to the overall density of the small 

scraper/excavator functional group. The lack of significance between the density of small 

parrotfish and macroalgal cover is likely due to the fact that small parrotfish do not 
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completely remove macroalgae from the substrate; they reduce the height of the macroalgae, 

but not overall cover (Bonaldo and Bellwood 2008; Burkepile and Hay 2008). The two most 

abundant species seen on these reefs, Scarus taeniopterus and Scarus iserti generally feed on 

more turf algae than macroalgae (Cardoso et al. 2009). Species like Sparisoma rubipinnae and 

Sparisoma chrysopterum that have been seen to feed on macroalgae (Cardoso et al. 2009) were 

in very low densities on the reefs (Figure 8). Experimental studies have shown that Sparisoma 

aurofrenatum is able to reduce the cover of macroalgae on established substrates while 

Sparisoma taeniopterus is more efficient at reducing early successional macroalgae (Burkepile 

and Hay 2010). S. taeniopterus has also been shown to be unable to curb the growth of 

macroalgal cover on established algal communities (Burkepile and Hay 2010). The relatively 

low densities of Sparisoma aurofrenatum and high densities of Scarus taeniopterus suggests that 

established macroalgae are not being grazed effectively by this group, explaining the negative 

association, but lack of significance between the density of small parrotfish and macroalgal 

cover. 

These findings point to the importance of the size of herbivorous fish in the process 

of herbivory on the reefs surveyed in this study. The importance of size in ecosystem 

functioning is seen in other systems as well. Studies on burrowing bivalves have shown that 

within the same species, larger individuals are more efficient at nutrient and oxygen cycling 

(Norkko et al. 2013). According to previous studies, biomass of parrotfish, an indicator of 

size, has been negatively associated with macroalgal cover (Williams and Polunin 2001). The 

biomass metric also shows that smaller fish are unable to graze as efficiently as large fish, 

again highlighting the importance of the size of the species responsible for the function of 

macroalgal grazing.  
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Coral cover, which can be viewed as an indirect proxy for herbivory was not 

significantly related with the density of large scrapers and excavators, but a positive 

relationship was seen. This relationship seen in the model is likely not significant because 

coral recruitment depends on a number of factors besides macroalgal cover, such as diseases, 

hurricanes and climate change (Aronson and Precht 2006; Mumby and Steneck 2008). This 

indicates that while coral cover has not rebounded completely, the effects of macroalgal 

grazing by large parrotfish are likely facilitating coral recruitment. The positive effects of 

grazing on coral recruitment have been shown experimentally and observationally in the 

Caribbean (Burkepile and Hay 2008; Burkepile and Hay 2010; Jackson et al. 2013). The 

findings of this study add to the body of evidence that large herbivores are important for 

grazing macroalgae and maintaining reef health. 

Diversity and the Function of Herbivory 
While reefs with high density of large parrotfish had low macroalgal cover, reefs with 

a more diverse assemblage did not show this relationship. In order to understand why 

diversity did not show a negative relationship with macroalgal cover, we need to take a closer 

look at the Shannon-Weiner Diversity Index. 

On its own, the index does not provide much biological or ecological information. It 

must be interpreted in the context of the species richness, evenness of abundance and total 

abundance of the functional group in question. The index is based on information theory 

whereby it measures the uncertainty of picking the same species from a list of species after 

knowing the identity of the first species. Thus, the index increases as the richness and 

evenness of an assemblage increases. As the richness increases, the probability of drawing a 

new species at random increases. As evenness increases, the numerical dominance decreases, 
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increasing the odds of drawing a new species. Additionally, for a given level of species 

richness, if the density of the individual species is low, but more even, the index will be high 

but the index will be low if species richness decreases while keeping the proportions of each 

species constant and will be low if one species becomes disproportionately more abundant.  

Since the density of large scrapers/excavators significantly influences macroalgal 

cover, increasing diversity will only be significantly related to macroalgal cover if both the 

species richness and evenness increases proportionally with increasing density of individual 

species in the functional group such that reefs with a high diversity of large scrapers and 

excavators also have a high density of these fish. 

The diversity of both LSE and SSE was not significantly related to macroalgal cover 

on the reefs surveyed. The diversity of LSE was negatively related to macroalgal cover while 

the diversity of SSE was slightly positively related to macroalgal cover. For the large 

scrapers/excavators, the lowest diversity of 0 is associated with both very low and very high 

densities of one species, Sparisoma viride (Figure 7). Since macroalgal cover is negatively 

related to density, macroalgal cover at low diversity is very variable. After this point, diversity 

tends to increase with density at intermediate levels of diversity (Figure 8), explaining the 

slight negative relationship with macroalgae, but at the highest levels of diversity, overall 

density of each of the four species is very low, resulting in low levels of grazing. This 

variability in total density with diversity is likely the reason the diversity of LSE does not 

significantly affect macroalgal cover. 

For the small scrapers/excavators, low diversities are associated with either high or 

low total densities (Figure 8). From a diversity level of 0.5 to about 1.25, the total density 

increases with diversity, but, from 1.25 to about 1.75, total density decreases (Figure 8). 
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Thus, there is a great amount of variability in the relationship with macroalgal cover and the 

low total density associated with very high diversity resulting in the slight positive 

relationship. Thus, increasing the species richness or evenness in these groups did not have 

an impact on functioning. The function of herbivory was more influenced by the density of 

two highly functioning species. 

Absence of the Browsers 
A very interesting finding of this study is the conspicuous absence of the browser 

functional group at all the reefs sampled. This group consists of only two species-Sparisoma 

radians and Archosargus rhomboidalis. These species are specialized macroalgal feeders (Lobel 

and Ogden 1981; Halpern and Floeter 2008; Holzer et al. 2013). A possible explanation for 

this absence is that these species are more often found in sea grass beds than on coral reefs 

(Ogden and Lobel 1978; Lobel and Ogden 1981). The absence of a specialized browser 

functional group from the reefs might be a reason why macroalgal cover has not returned to 

the pre-1983 levels. In contrast, Pacific reefs that generally do not encounter these phase 

shifts have a number of species that preferentially feed on macroalgae (Mantyka and 

Bellwood 2007). 

Associations between Grazers/Detritivores and Benthic Cover 
The reefs surveyed had a depauperate assemblage of grazers/detritivores. Out of a 

total of ten species, only four, A. bahianus, A. coeruleus, A. chirurgus and Melichthys niger were 

present on the majority of the reefs. (Figure 9). Nicholsina usta was present in very low 

densities on one reef. All other species were absent. None of the associations between the 

grazers/detritivores and macroalgae were significant. But, the density of GD was positively 

associated with macroalgal cover, while the diversity showed a slight negative correlation. 
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These results are in contrast to previous studies on this group which have shown that the 

biomass of acanthurids is significantly negatively correlated with macroalgal cover (Lewis 

and Wainwright 1985; Williams and Polunin 2001; Heenan and Williams 2013; Mumby et al. 

2013). The two numerically dominant species in this functional group, Acanthurus bahianus 

and Acanthurus coeruleus are known to be capable of reducing macroalgal growth at early 

successional stages (Burkepile and Hay 2008; Burkepile and Hay 2010, 2011). However,  

 

 
Figure 9. Relationship of the densities of individual species within the GD to total density and diversity. 
The left panel shows the contribution of individual species to the total density of GD. The right panel shows how the 
diversity of GD is related to the densities of individual species within the group. Open circles=Acanthurus bahianus, 
closed circles=Acanthurus chirurgus, closed diamond=Acanthurus coeruleus, plus sign=Acanthurus UNK, small 
dot=Centropyge argi, open triangles=Coryphopterus eidolon, closed triangles=Cryptotomus roseus, inverted open 
triangle=Gnatholepis thompsoni, inverted closed triangle=Melichthys niger. 
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these studies correlate the biomass of the acanthurids with macroalgal cover. In this study, 

density and diversity were measured instead of biomass. Two hypotheses can explain the 

observed trends. 1) Grazers and detritivores are responsible for controlling turf algae instead 

of macroalgae. Acanthurus bahianus and Acanthurus coeruleus feed on large quantities of 

filamentous turf algae and do not impact macroalgae as much as parrotfish (Burkepile and 

Hay 2011). Reefs with high densities of grazers and detritivores might be associated with low 

cover of turf algae while reefs with low densities of this group are associated with high turf 

cover; the gradient in macroalgal cover might be coincidental. Further investigations with 

other algal functional groups will help resolve this hypothesis. And 2) Where densities of this 

functional group are low, it is possible that the biomass of this groups is high, resulting in 

more macroalgae being grazed. Conversely, reefs with high densities might have small 

individuals that are incapable of effectively grazing macroalgae. Reefs with low diversity of 

GD had high densities of A. bahianus and A. coeruleus. Similarly, it is probable that these 

individuals are very small and incapable of efficiently grazing macroalgae. Further 

investigation with the biomass of this group will shed light on these curious patterns. 

Both the density and diversity of the grazers/detritivores were significantly related to 

coral cover. Coral cover was negatively associated with density and positively with diversity. 

Grazers/detritivores do not feed on coral itself. That function is performed by parrotfish 

species such as Scarus vetula and Sparisoma viride. Therefore, these associations might be due to 

the fact that reefs with more macroalgae tend to have less coral cover. But, within the 

constraints of the dataset being used in this study the findings for this group are inconclusive 

and further study is required to fully understand the role of grazers and detritivores in the 

function of herbivory. 
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 Habitat Preference of the Territorial Damselfish 
Reefs with a high density of territorial damselfish are significantly associated with 

high coral cover and low macroalgal cover. These trends are similar to those shown by the 

large scrapers and excavators, but the cause of these trends is different. An examination of 

the individual species that comprise this group reveals that Stegastes partitus is the numerically  

 

 
Figure 10: Relationship of the densities of individual species within the TDF to total density and diversity. 
The left panel shows the contribution of individual species to the total density of TDF. The right panel shows how the 
diversity of TDF is related to the densities of individual species within the group. Open diamonds=Stegastes adustus, 
open circles=Stegastes diencaeus, open triangle=Stegastes dorsopunicans, closed circle=Stegastes partitus, plus 
sign=Stegastes sp., cross=Stegastes variabilis, closed triangles=Microspathodon chrysurus. 

 

dominant species followed by Stegastes adustus (Figure 10). Studies have shown that Stegastes 

partitus does not weed out macroalgae from its territories and prefers to live on substrates 
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that are dominated by massive coral species while Stegastes adustus prefers to live on habitat 

that comprises of branching corals (De Ruyter van Steveninck 1984; Chaves et al. 2012). 

Neither species prefers substrates dominated by macroalgae (Chaves et al. 2012). 

Experimental and observational studies have also shown that the density of S. partitus 

increases significantly as structural cover increases with respect to macroalgal cover 

(Williams et al. 2001; Precht et al. 2010). 

Macroalgal cover was also negatively associated with reefs that had a more diverse 

assemblage of territorial damselfish. However, the relationship with coral cover was not 

significant and slightly negative. Total density increases with total diversity after an H’ of 0.4, 

thus allowing for the significant association with macroalgal cover since we know that 

diversity will only significantly relate to macroalgal cover if there is a proportional increase in 

total density. It is likely that the incomplete recovery of corals is causing the lack of 

significant for the relationship between the diversity of TDF and coral cover. The lack of 

macroalgal weeding by the dominant species and the habitat preferences show that the 

patterns seen with benthic cover are most likely the result of habitat specificity rather than 

herbivory.  

Alternative Explanations for Benthic Cover 
A number of studies have suggested that nutrients have a significant effect on the 

growth of macroalgae (Lapointe 1997). This is still a highly debated area of study (Littler et 

al. 2006). A number of recent studies have shown that top-down control by herbivores is 

more important than the bottom-up control by nutrients (Burkepile and Hay 2009) but other 

studies suggest the opposite (Vermeij et al. 2010). This study used agricultural land area as a 

proxy for nutrient input to determine whether this factor has a significant impact on 
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macroalgal cover. The results show that while a positive trend was seen, this factor did not 

significantly affect macoalgal cover. Since this variable is a proxy, the results must be 

interpreted with caution. Agricultural runoff will affect the reefs only if the rivers that collect 

the runoff drain directly into the reef system (pers. comm.. Jeremy Jackson, 2014). Also, 

some islands like the Florida Keys have very little agriculture, but the proxy for these islands 

was developed using the agricultural land area of the United States as a percentage of total 

land area. Therefore, these values are highly exaggerated compared to the true percent of 

agricultural land area in the Keys. Further work is required to develop better proxies for 

nutrients in the Caribbean. 

Coral cover is also influenced by factors such as sedimentation, hurricanes and 

bleaching events and coastal development (Rogers 1983; Rogers 1990; Gardner et al. 2005; 

Mora 2008; Pandolfi et al. 2011; Jackson et al. 2013). Enough data could not be collected in 

this study to test the effects of these factors on coral cover along with the functional 

characteristics.  

Conclusion 
The reefs studied here represent highly degraded ecosystems. The fish densities on 

these reefs are strikingly low. Despite these low densities, large parrotfish still seem to be 

able to keep macroalgal cover low on some reefs. Indeed, the reefs with the lowest cover of 

macroalgae and relatively high cover of coral also have the highest densities of large 

parrotfish, eg: reefs in St. Croix and Cuba Southwest. An interesting effect of the shift from 

coral domination to macroalgal domination is the loss of territorial damselfish on reefs. 

These fish prefer coral dominated habitats as it offers them refuge from predatory fish 
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(Chaves et al. 2012) . More work is needed to determine whether the trends seen with the 

acanthurids are because of variation in biomass across the reefs.  

From a management point of view, a ban on the trapping or spear fishing of large 

parrotfish has the potential to make the reefs more resistant and resilient to coral-macroalgal 

phase shifts. Management practices that favor the drivers of the function of herbivory will 

also help increase the densities of S. partitus. In a seemingly hopeless situation, the fact that 

very low densities of large parrotfish are keeping macroalgae in check suggests that robust 

conservation efforts might still be able to help these reefs recover to their former coral 

dominated states. 
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APPENDICES 

Appendix A: Log-Likelihood Ratio Test Tables for Model Selection for 
Models with Macroalgal Cover as the Response Variable 
 
 df AIC BIC LL L Ratio p-value 
Model 1 10 182.1397 201.458 -81.0698   
Model 2 9 180.4827 197.8161 -81.2148 0.2899 0.5903 
 
 df AIC BIC LL L Ratio p-value 
Model 1 10 182.1397 201.458 -81.0698   
Model 3 9 180.4832 197.8696 -81.2415 0.3434 0.5578 
 
 df AIC BIC LL L Ratio p-value 
Model 2 9 180.4297 197.8161 -81.2148   
Model 4 8 178.6689 194.1235 -81.3344 0.2392 0.6247 
 
 df AIC BIC LL L Ratio p-value 
Model 2 9 180.4297 197.8161 -81.2148   
Model 5 8 179.9614 195.4160 -81.9801 1.5317 0.2158 
 
 df AIC BIC LL L Ratio p-value 
Model 4 8 178.6689 194.1235 -81.3344   
Model 6 7 178.0065 191.5293 -82.0032 1.3375 0.2475 
 
 df AIC BIC LL L Ratio p-value 
Model 4 8 178.6689 194.1235 -81.3344   
Model 7 7 179.8252 193.3480 -82.9162 3.1562 0.0756 
 
 df AIC BIC LL L Ratio p-value 
Model 6 7 178.0065 191.5293 -82.0032   
Model 8 6 180.3599 193.3480 -84.1799 4.3530 0.0369 
 
 df AIC BIC LL L Ratio p-value 
Model 6 7 178.0065 191.5293 -82.0032   
Model 9 6 179.8252 193.3480 -85.2753 6.5442 0.0105 
df=degrees of freedom, AIC=Akaike Information Criterion, BIC=Bayesian Information Criterion, LL=Log 
Likelihood, L Ratio= Likelihood Ratio 
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Appendix B: Log-Likelihood Ratio Test Tables for Model Selection for 
Models with Coral Cover as the Response Variable 
 
 df AIC BIC LL L Ratio p-value 
Model 1 10 145.4891 164.8074 -62.7445   
Model 2 9 143.0837 161.1901 -62.9018 0.3145 0.5749 
 
 df AIC BIC LL L Ratio p-value 
Model 1 10 145.4891 164.8074 -62.7445   
Model 3 9 143.6269 161.0133 -62.8134 0.1377 0.7106 
 
 df AIC BIC LL L Ratio p-value 
Model 2 9 143.0837 161.1901 -62.9018   
Model 4 8 143.9909 157.4455 -62.9945 0.1871 0.6653 
 
 df AIC BIC LL L Ratio p-value 
Model 2 9 143.0837 161.1901 -62.9018   
Model 5 8 142.6165 158.0711 -63.3082 0.1827 0.3673 
 
 df AIC BIC LL L Ratio p-value 
Model 4 8 141.9909 157.4455 -62.9945   
Model 6 7 141.1427 154.6650 -63.5711 1.1513 0.2833 
 
 df AIC BIC LL L Ratio p-value 
Model 4 8 141.9909 157.4455 -62.9945   
Model 7 7 141.1718 154.6946 -63.5859 1.1809 0.2772 
 
 df AIC BIC LL L Ratio p-value 
Model 6 7 141.1427 154.6650 -63.5711   
Model 8 6 140.2031 151.7941 -64.1015 1.0608 0.3030 
 
 df AIC BIC LL L Ratio p-value 
Model 6 7 141.1427 154.6650 -63.5711   
Model 9 6 143.5431 155.1323 -65.7706 4.3991 0.036 
 
 df AIC BIC LL L Ratio p-value 
Model 8 6 140.2031 151.7941 -64.1015   
Model 10 5 142.4130 152.0722 -66.2065 4.2099 0.0402 
df=degrees of freedom, AIC=Akaike Information Criterion, BIC=Bayesian Information Criterion, LL=Log 
Likelihood, L Ratio= Likelihood Ratio 
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