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were dissimilar in other attributes, including the habitats 

they frequented, the types of substrate they fed from, and 

the spatial scale at which they foraged. These differences 

indicate that species that appear to be functionally redun-

dant when looking at diet alone exhibit high levels of com-

plementarity when we consider multiple functional traits. 

By identifying key functional differences among parrot-

fishes, we provide critical information needed to manage 

parrotfishes to enhance the resilience of coral-dominated 

reefs and reverse phase shifts on algal-dominated reefs 

throughout the wider Caribbean. Further, our study pro-

vides a framework for predicting the impacts of consumer 

losses in other species rich ecosystems.

  

Introduction

Ecosystems can undergo rapid transitions from a desir-

able state to a less desirable, degraded state with reduced 

capacity to provide important ecosystem services (e.g., 

regime shifts or phase shifts; Folke et al. 2004). These 

abrupt changes are frequently associated with the loss of 

key consumers that can lower the resilience of an ecosys-

tem to natural and anthropogenic disturbances (Estes et al. 

2011). However, in many systems, multiple consumers play 

similar roles, making it difficult to predict how the loss of 

any individual species will impact the overall structure and 

function of the ecosystem (Duffy 2002). This is especially 

true in species-rich systems such as tropical coral reefs and 

African savannahs, where dozens of consumers may per-

form similar ecological functions (Du Toit and Cumming 

1999; Bellwood et al. 2004).

Abstract The recent loss of key consumers to exploita-

tion and habitat degradation has significantly altered com-

munity dynamics and ecosystem function across many 

ecosystems worldwide. Predicting the impacts of consumer 

losses requires knowing the level of functional diversity 

that exists within a consumer assemblage. In this study, 

we document functional diversity among nine species of 

parrotfishes on Caribbean coral reefs. Parrotfishes are key 

herbivores that facilitate the maintenance and recovery of 

coral-dominated reefs by controlling algae and provision-

ing space for the recruitment of corals. We observed large 

functional differences among two genera of parrotfishes 

that were driven by differences in diet. Fishes in the genus 

Scarus targeted filamentous algal turf assemblages, crus-

tose coralline algae, and endolithic algae and avoided mac-

roalgae, while fishes in the genus Sparisoma preferentially 

targeted macroalgae. However, species with similar diets 
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On coral reefs, herbivorous fishes and sea urchins are 

critical for maintaining ecosystem function by control-

ling algae that can displace reef-building corals. Her-

bivores influence reef ecosystems through a variety of 

processes, including the provisioning of space for coral 

settlement (Steneck et al. 2014) and the removal of mac-

roalgae that can slow coral growth and increase coral mor-

tality (Burkepile and Hay 2008). Loss of key herbivores 

can result in persistent phase shifts from coral-dominated 

systems to algal-dominated systems with reduced levels of 

primary and secondary production (Carpenter 1986) and 

compromised capacity to build reefs and provision habitat 

for other organisms (Perry et al. 2013; Bozec et al. 2015). 

Consequently, overexploitation of herbivores in subsistence 

and commercial fisheries could compromise the function of 

reef ecosystems by reducing the total biomass of herbivores 

and by altering the species composition and size structure 

of the herbivore assemblage (Edwards et al. 2014).

Diversity of herbivorous fishes can be important for 

maintaining ecosystem function on coral reefs because 

herbivores that feed on different types of algae have com-

plementary impacts on benthic communities (Bellwood 

et al. 2006; Burkepile and Hay 2008; Rasher et al. 2013). 

Species that feed on filamentous algal turfs and associ-

ated detritus can facilitate coral recruitment and maintain 

reefs in a coral-dominated state, while species that feed 

on mature macroalgae can prevent macroalgae from over-

growing corals and can help reverse phase shifts on mac-

roalgal-dominated reefs. The level of overlap in the diets 

of different herbivores (i.e., redundancy vs. complementa-

rity), therefore, provides a metric of the level of functional 

diversity present within the herbivore guild (Burkepile and 

Hay 2011). Guilds with higher levels of redundancy among 

species may be more resilient to overharvesting and better 

able to fulfil their ecological function. However, herbivores 

vary widely in a number of traits in addition to diet that 

will modulate their impacts on reef ecosystems and influ-

ence patterns of redundancy, including size (Lokrantz et al. 

2008), movement patterns (Nash et al. 2013), preferred 

habitats (Robertson and Gaines 1986), and the specific sub-

strates they target while foraging (Brandl and Bellwood 

2014). Coexistence theory predicts that species that are 

similar in one niche dimension, such as diet, will be dif-

ferent in others, such as habitat selection (MacArthur and 

Levins 1967). Thus, there may be less functional redun-

dancy within the herbivore guild than predicted by patterns 

of diet overlap alone when one considers the many other 

dimensions of the niches of these species.

Over the last several decades, many coral reef ecosys-

tems throughout the wider Caribbean have experienced 

a phase shift (Hughes et al. 2010). On many reefs, large, 

structurally complex corals have been replaced by fleshy 

algae and other non-reef building organisms, resulting 

in the collapse of physical structure and the rapid loss of 

ecosystem function (Bruno et al. 2009; Hughes et al. 2010; 

Alvarez-Filip et al. 2011; Perry et al. 2013). The decline of 

Caribbean coral reefs has been linked to a variety of stress-

ors such as climate change and compromised water quality, 

but the loss of herbivores due to overfishing and disease is 

likely a major contributor (Jackson et al. 2014). Although 

herbivore diversity in general appears important for facili-

tating healthy reefs (Burkepile and Hay 2008, 2010, 2011), 

we currently have a limited understanding of the level of 

functional diversity present within the herbivore guild 

(Adam et al. 2015a).

Here, we explored the level of functional redundancy 

versus complementarity that exists among herbivorous 

parrotfishes, the dominant grazers throughout much of the 

Caribbean (Mumby 2006). We used direct observation to 

document patterns of resource use for nine species of Car-

ibbean parrotfishes. We then determined the extent that 

species attributes, such as phylogenetic history and body 

size, predict differences in foraging traits. We found that 

species that feed on similar types of algae often prefer dif-

ferent habitats, feed from different substrates, and forage at 

different spatial scales, indicating low levels of functional 

redundancy in the parrotfish guild. This information is cru-

cial when managing parrotfishes for their capacity to pre-

vent and reverse phase shifts to macroalgal dominance and 

facilitate corals.

Materials and methods

Organisms and study sites

Parrotfishes belong to two monophyletic clades, repre-

sented on Caribbean coral reefs by two genera, Sparisoma 

and Scarus (Streelman et al. 2002). Sparisoma parrotfishes 

are often associated with seagrass habitats in addition to 

reefs. They exhibit a high diversity of foraging modes, with 

some species feeding primarily on seagrasses and macroal-

gae while others predominantly scrape and excavate algae 

from carbonate substrates. In contrast, Scarus parrotfishes 

are almost exclusively reef-associated, with all species 

apparently adapted to scrape or excavate epilithic algal 

turfs and endolithic algae from carbonate substrates (Bon-

aldo et al. 2014). Species from both genera vary greatly in 

size (~2 orders of magnitude), and thus are likely to per-

form a range of different ecological functions.

This study was conducted during June and July 2013 

in the Florida Keys National Marine Sanctuary (FKNMS) 

off of Key Largo, FL, USA. The Florida Keys Reef Tract 

consists of a large bank reef system located approximately 

8 km offshore of the Florida Keys, USA, and paralleling 

the island chain. The FKNMS provided an ideal setting for 



this study. Fishing pressure on parrotfishes in the Florida 

Keys is very low (Bohnsack et al. 1994). As a result there 

are large populations of several species of parrotfishes that 

are rare or absent in many other locations, including the 

largest parrotfishes in the Caribbean, Scarus coelestinus, 
Scarus coeruleus, and Scarus guacamaia (Paddack et al. 

2006).

We conducted fish surveys on four shallow, high-relief 

spur and groove reefs (Molasses, French, Carysfort, and 

Elbow), with behavioral observations conducted on three 

of these (Molasses, Carysfort, and Elbow). Spur forma-

tions consist of large coral outcrops that rise approximately 

2–6 m from the seafloor. Outcrops are interspersed with a 

mixture of sand, carbonate boulders, and small coral rub-

ble, substrates which also dominate the shallow areas 

inshore of the primary spur and groove habitat. Offshore 

of the main spur formations, reefs transition to a slightly 

deeper low-relief carbonate platform (Fig. S1). We con-

ducted fish surveys, behavioral observations, and benthic 

surveys in all three habitats: high-relief spur and groove 

(depth 2–6 m), low-relief carbonate platform/hardbottom 

(depth 4–12 m), and carbonate boulder/rubble fields (depth 

4–9 m).

Parrotfish surveys

At each site, we estimated parrotfish abundance in the three 

habitat types in order to assess the relative abundance and 

biomass of different species and to quantify differences 

in habitat selection. To estimate parrotfish density, we 

conducted 20–30 min timed swims while towing a GPS 

receiver on a float to measure the distance traveled and 

calculate the amount of area sampled. During a swim, the 

observer would swim parallel with the habitat type being 

sampled and count and estimate the size to the nearest cm 

of all parrotfishes ≥15 cm in length that were encountered 

in a 5-m-wide swath. The diver sampled multiple habitat 

types during each timed swim. Therefore, we divided the 

timed swims into 1-min intervals and recorded the habitat 

type during each interval (see Fig. S1b). The goal of the 

timed swims was to achieve similar sampling effort in 

each habitat type, and the method enabled us to sample 

~30,000 m2 of habitat, an area sufficiently large to obtain 

density estimates of all parrotfishes including less common 

species (see Table S1 for amounts of each habitat type sam-

pled). We calculated biomass of each species using pub-

lished length-weight relationships (Bohnsack and Harper 

1988).

Behavioral observations

We characterized the diet and foraging behavior of the 

nine species of parrotfishes that account for >99 % of the 

parrotfish biomass on these reefs, Scarus coelestinus, 
Scarus coeruleus, Scarus guacamaia, Scarus taeniop-
terus, Scarus vetula, Sparisoma aurofrenatum, Sparisoma 
chrysopterum, Sparisoma rubripinne, and Sparisoma 
viride. Approximately 18 individuals of each species 

(range = 16–19) were observed for 20 min each, with 

observations evenly distributed across three sites (see Table 

S2 for details). In order to control for diurnal variation in 

foraging behavior, we followed focal individuals in a bal-

anced design in three 2-h sampling intervals (1000–1200, 

1200–1400, and 1400–1600). This time period corresponds 

to peak feeding time for herbivorous fishes (e.g., Brugge-

mann et al. 1994). We focused on characterizing the behav-

ior of large adults. For sexually dimorphic species, we lim-

ited observations to the initial phase (IP) because the IP 

individuals tend to be much more common than terminal 

phase individuals (Hawkins and Roberts 2003).

Focal individuals for behavioral observations were 

haphazardly selected using the following criteria. First, 

we planned our observations so that all species would be 

observed in the same general locations while also minimiz-

ing the potential for resampling the same individuals. We 

did this by following one individual of as many species 

as possible in a given location before moving to the next 

location. Second, we initiated our observations on or near 

high-relief habitat, which supported the highest density and 

biomass of most species. Third, we targeted the largest IP 

individuals we saw in these locations. After identifying a 

potential target individual, we approached the fish slowly 

and allowed ~2–3 min to acclimate to the presence of an 

observer. We estimated their size to the nearest cm and 

began observations. Fish usually acclimated quickly to the 

presence of an observer, but observations were occasionally 

aborted when fish did not resume normal foraging behav-

ior. Foraging behavior was then recorded by a SCUBA 

diver for a period of 20 min while towing a GPS receiver 

(Garmin GPS 72) which obtained position fixes of the focal 

fish at 15-s intervals.

Fish were followed from a close distance (~2 m when 

possible), and food items were identified to the lowest tax-

onomic level possible, with macroalgae and coral usually 

identified to genus or species. Many bites involved scrap-

ing or excavating substrate colonized by a multi-species 

assemblage of filamentous “turf” algae, crustose coralline 

algae (CCA), and associated detritus, commonly referred to 

as the epilithic algal matrix (EAM) (Wilson et al. 2003). 

Because it was impossible to determine the specific food 

items targeted, these bites were categorized as being on 

EAM.

We also recorded the type of substrate targeted during 

each foraging bout, categorizing each substrate as one of 

the following: (1) dead coral, (2) coral pavement, (3) boul-

der, (4) rubble, or (5) ledge. Dead coral included both 



convex and concave surfaces on the vertical and horizon-

tal planes of three-dimensional coral skeletons (primarily 

dead Acropora palmata) that were attached to reef sub-

strate. Coral pavement was carbonate reef with little topo-

graphic complexity (i.e., flat limestone pavement). Boulder 

was large remnants of dead mounding corals not clearly 

attached to the bottom and often partially buried in sand. 

Coral rubble consisted of small dead coral fragments (gen-

erally <10 cm in any dimension) that could be moved with 

minimal force. Ledges consisted entirely of the undercut 

sides of large spurs in spur and groove habitat. In addi-

tion to recording foraging behavior, we also recorded other 

activities such as aggressive interactions with other fish.

Characterization of the benthos

To quantify the relative abundance of different food types, 

we estimated the percent cover of algae, coral, and other ses-

sile invertebrates on each of the five substrates commonly 

targeted by parrotfishes (dead coral, coral pavement, boul-

der, rubble, or ledge) in 0.5 m × 0.5 m photoquadrats. We 

photographed a total of eight haphazardly selected quadrats 

dispersed throughout the study site for each substrate type at 

each of the three sites (N = 24 quadrats per substrate type, 

N = 120 quadrats total). Each photoquadrat was divided 

into sixteen 12 cm × 12 cm sections which were individu-

ally photographed, and percent cover was estimated from 

nine stratified random points per section (N = 144 point per 

quadrat). Macroalgae and coral were identified to genus or 

species while other organisms were identified to functional 

group (e.g., sponges, gorgonians, turf algae, crustose coral-

line algae). For turf algae, we also determined whether a point 

landed on an algal filament or sediment bound in the turf.

Questions and analyses

Our goals were to identify differences in foraging behav-

ior and resource use among the nine species of parrotfish 

and to test the extent that each species exhibits a unique 

combination of foraging traits. To achieve this we: (1) 

investigated the degree that species differed in univariate 

traits (i.e., bite rates, distance travelled while foraging) and 

multivariate traits (i.e., diet, substrates grazed), (2) tested 

whether variation among species in foraging traits was 

related to size and/or genera, and (3) summarized relation-

ships among species in multivariate trait-space.

We used linear mixed models to test for relationships 

between fish size (as estimated fork length), time of day, 

and genus on bite rate and the maximum linear distance 

moved during a 20-min observation. Models included 

species as a random effect and also tested for interactions 

between fish size and time of day and genus. Fork length, 

bite rate, and distance travelled were all log-transformed 

prior to analyses to satisfy assumptions of the linear mod-

els. We then investigated the diet composition of each spe-

cies using an electivity index (Manly’s alpha; Chesson 

1983) in order to identify whether particular food items 

tended to be eaten more or less often than expected based 

on their relative availability. We determined availability of 

food items by calculating mean abundance of each food 

type from point contacts of the major substrates targeted 

by parrotfishes. Electivity was calculated using weighted 

means of the percent cover of each food type on each sub-

strate targeted by focal fish. Manly’s alpha ranges from 0 

to 1 and represents the predicted proportion of each food 

item included in an individual’s diet if all food items were 

equally available. Differences in habitat selection were 

also evaluated by calculating an electivity index (Manly’s 

alpha) based on the survey data. Next, differences in diet, 

substrates grazed, and habitat selection among species were 

visualized using hierarchical cluster analysis with Ward’s 

linkage on Bray-Curtis dissimilarity matrices of square root 

transformed data. Differences among major clusters were 

then tested with permutational MANOVA (Anderson 2001) 

(N = ~18 values per species). Permutation-based contin-

gency tests (i.e., Fisher’s exact) were then used to deter-

mine whether the different genera of parrotfish were dis-

tributed non-randomly among significant clusters.

Finally, to summarize relationships among species in 

multivariate trait space (combining all traits such as diet, 

distance moved, substrate targeted, etc.), we first used three 

separate principal component analyses (PCA) to summa-

rize data on diets, substrates targeted, and habitats selected, 

respectively, in one or two principal components (which 

explained at least 74 % of the variance for each resource 

type; Tables S3, S4, and S5). Next, principal components 

derived from the three analyses on each resource type were 

combined with data on bite rates and distance moved while 

foraging, normalized (mean zero and unit variance), and 

subjected to a redundancy analysis (RDA; Legendre and 

Legendre 2012), which ordinated species according to their 

combined trait values. Analyses were conducted in the R 

programing language using the vegan package (Oksanen 

et al. 2013) for multivariate analyses and the nlme (Pin-

heiro et al. 2013) and lmmfit (Maj 2011) packages for 

mixed effects models. All data are available from NOAA 

National Centers for Environmental Information: http://

accession.nodc.noaa.gov/0127525 (Adam et al. 2015b).

Results

Parrotfish community structure

Shallow, high-relief habitat on spur and groove reefs was 

dominated numerically by three species of parrotfishes, 



Sp. viride, Sc. vetula, and Sp. aurofrenatum, with low-

relief hardbottom dominated by two of these (Sp. viride 

and Sp. aurofrenatum) (Fig. 1). Sp. viride and Sp. auro-
frenatum were also the most abundant species in the 

boulder and rubble habitat, although this habitat had a 

more even mix of all nine species. Sc. guacamaia and 

Sc. coeruleus were the least abundant species in all 

habitats; however, both species contributed a non-trivial 

amount of biomass to the entire parrotfish assemblage 

due to their large size (2 and 3 %, respectively, com-

pared to 7 % by numerically abundant but much smaller 

Sp. aurofrenatum).

Diet and feeding ecology

Both within and between genera, focal fishes varied greatly 

in size, bite rate, and distance moved (Fig. S2). There was 

a significant interaction between genus and fish length on 

bite rate (ANOVA, F1,149 = 7.40, P = 0.007). Fish length 

and time of day both predicted bite rates of Scarus par-

rotfishes (full model R2 = 0.52), with bite rates decreas-

ing with length (ANOVA, F1,82 = 21.8, P < 0.001; Fig. 2a) 

and increasing throughout the day (ANOVA, F1,82 = 12.88, 

P < 0.001). In contrast, bite rates of Sparisoma parrot-

fishes (full model R2 = 0.08) showed no correlation with 

Fig. 1  Mean density and bio-

mass (+SE) of nine species of 

parrotfish on (a, d) high relief 

reef, (b, e) low relief reef, and 

(c, f) boulder and rubble habitat 

(N = 4 sites)



length (ANOVA, F1,67 = 0.042, P = 0.84; Fig. 2b), but 

a weak positive correlation with time of day (ANOVA, 

F1,67 = 6.09, P = 0.016).

There was also a significant interaction between 

genus and fish length on the distance moved during an 

observation (ANOVA, F1,147 = 5.41, P = 0.021). For 

Scarus parrotfishes, there was a significant positive cor-

relation between length and distance moved (ANOVA, 

F1,80 = 11.76, P = 0.001; Fig. 2c), but no effect of time 

of day (ANOVA, F1,80 = 1.75, P = 0.19). For Sparisoma 

parrotfishes, there was no correlation between either length 

(ANOVA, F1,67 = 0.007, P = 0.93; Fig. 2d) or time of day 

(ANOVA, F1,67 = 0.683, P = 0.41) and distance moved.

EAM was the dominant food item on all substrate types, 

followed by brown macroalgae (primarily Dictyota spp.; 

Fig. S3a). Within the EAM complex, pavement, boulder, 

and rubble had high sediment levels with low cover of 

CCA while sediment levels were lower and CCA higher on 

dead coral and ledges (Fig. S3). Parrotfishes fed primarily 

on the dominant food types (EAM and brown macroalgae). 

However, electivity indexes revealed that many parrotfishes 

also targeted less common types of macroalgae. For exam-

ple, Sp. chrysopterum selected for red calcareous algae 

while Sp. aurofrenatum targeted green calcareous algae 

and Sc. guacamaia fed selectively on scleractinian corals 

and sponges (Fig. S4). Analysis of parrotfish diets revealed 

two distinct clusters of parrotfishes (PerMANOVA, Pseudo 

F1,160 = 230, P < 0.001; Fig. 3) with fish in the same 

genus tending to have similar diets (Fisher’s exact test 

P = 0.048). Sparisoma viride clustered with the Scarus 

parrotfishes, which fed primarily on EAM and endolithic 

algae. The three remaining species of Sparisoma formed a 

single cluster due to their tendency to feed on macroalgae, 

especially brown macroalgae (mainly Dictyota spp.).

Fig. 2  Relationship between 

length and bite rate for (a) 

Scarus and (b) Sparisoma 

parrotfishes, showing dif-

ferent relationships for each 

genus. Relationship between 

length and the maximum linear 

distance moved during an obser-

vation for (c) Scarus and (d) 

Sparisoma parrotfishes showing 

different relationships for each 

genus. Note the log scale on all 

graphs (N = ~18 individuals per 

species; see Table S2 for exact 

sample sizes)



While all species of parrotfishes targeted all major sub-

strate types to some extent, multivariate analyses revealed 

three distinct clusters of species based on the substrates 

they targeted. The most distinct of these was a cluster con-

sisting of Sc. coeruleus, Sc. taeniopterus, and Sp. chrys-
opterum, which primarily targeted carbonate boulders and 

coral rubble (Pseudo F1,160 = 38.7, P < 0.001; Fig. 4). Of 

the remaining six species, two clusters were evident, with 

Sc. vetula and Sp. viride primarily targeting dead coral 

substrate, and Sc. coelestinus, Sp. aurofrenatum, Sc. gua-
camaia, and Sp. rubripinne targeting a relatively equal pro-

portion of all major substrate types (Pseudo F1,104 = 8.82, 

P < 0.001; Fig. 4). Scarus and Sparisoma parrotfishes were 

randomly distributed across the three clusters (Fisher’s 

exact, P = 1).

Habitat selection

While all parrotfishes were observed in all habitat types 

(Fig. 1), surveys revealed that different species exhibited 

distinct preferences for particular habitats (Fig. 5). Multi-

variate analyses revealed two distinct clusters of parrot-

fishes based on habitat preferences (Pseudo F1,34 = 10.51, 

P < 0.001; Fig. 5), with Scarus and Sparisoma par-

rotfishes randomly distributed across each (Fisher’s 

exact test, P = 0.357). The first cluster, consisting of Sc. 
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Fig. 3  Species-averaged dendogram showing that parrotfishes 

cluster into two groups based on their diets. Sp. chrysopterum, Sp. 
rubripinne, and Sp. aurofrenatum feed largely on brown macroal-

gae (mainly Dictyota spp.), while fishes in the genus Scarus and 

Sp. viride feed primarily on filamentous turfs, endolithic algae, and 

CCA. Bar charts show the mean proportion of each food item tar-

geted (N = ~18 individuals per species; see Table S2 for exact sample 

sizes). See Fig. S4 for less common food items and electivity values



vetula, Sp. viride, Sc. guacamaia, Sp. aurofrenatum, and 

Sp. rubripinne tended to avoid boulder and rubble habitat. 

The second cluster, consisting of Sc. coeruleus, Sc. taeni-
opterus, Sc. coelestinus, and Sp. chrysopterum tended to 

preferentially associate with boulder and rubble habitat 

(Fig. 5).

Trait diversity

The RDA captured the majority of variance in traits in 

the first two axes, with these axes accounting for 47 and 

38 % of the variance, respectively (Table S6). Differences 

in diet were mainly captured by RDA 2, with species that 

feed primarily on turf algae having high values and spe-

cies that feed primarily on macroalgae having low values 

(Fig. 6). In contrast, RDA 1 primarily captured differences 

in the spatial patterning of foraging, with species that trav-

elled long distances and preferred boulder and rubble habi-

tats having low values, and species that travelled short dis-

tances and preferred high relief habitat having high values 

(Fig. 6). While there was relatively little overlap between 

species that feed on macroalgae and those that primarily 

feed on EAM, there was overlap between some species 

within each of these groups. Among macroalgal browsers, 

there was extensive overlap between Sp. aurofrenatum and 

Sp. rubripinne; among turf grazers there was high overlap 
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Fig. 4  Species-averaged dendogram showing that parrotfishes cluster 

into three groups based on the substrates they target while foraging. 

Sc. coeruleus, Sc. taeniopterus, and Sp. chrysopterum primarily target 

carbonate boulder and coral rubble substrate. Sc. vetula and Sp. vir-

ide primarily target dead coral. Sc. coelestinus, Sp. aurofrenatum, Sc. 
guacamaia, and Sp. rubripinne target all substrates. Bar charts show 

the mean proportion of each substrate targeted (N = ~18 individuals 

per species; see Table S2 for exact sample sizes)



between Sc. guacamaia and Sc. coelestinus. Three of the 

turf grazers, Sc. vetula, Sp. viride, and Sc. coeruleus exhib-

ited little overlap with other species (Fig. 6).

Discussion

Herbivorous fishes can enhance the resilience of coral-

dominated reefs by preventing the establishment and pro-

liferation of algae that otherwise negatively impact coral 

settlement, growth, and survivorship (Hughes et al. 2007; 

Adam et al. 2011). Yet we are only beginning to under-

stand the level of functional diversity present within the 

herbivore guild (Burkepile and Hay 2008; Hoey and Bell-

wood 2009; Rasher et al. 2013). In this study, we observed 

large functional differences among herbivorous parrotfishes 

when we considered both diet and other important metrics 

like habitat selection and preferred feeding substrate. With 

one exception, parrotfishes belonging to the same genus fed 

on similar types of algae, suggesting that they may be func-

tionally redundant in what they eat. However, species with 

similar diets were dissimilar in other attributes, such as the 

habitats they frequented or the types of substrate they fed 

from. These differences indicate that species that appear 

to be functionally redundant when looking at diet alone 

exhibit high levels of complementarity when we consider 

multiple functional traits that determine species’ niches.

Previous work suggests that the diets of different gen-

era of parrotfishes are often complementary. For exam-

ple, Burkepile and Hay (2008, 2010) demonstrated 
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based on electivity values for high relief, low relief, and boulder and 

rubble habitats from survey data. Species cluster into two significant 

groups, with Sc. coeruleus, Sc. taeniopterus, Sc. coelestinus, and Sp. 

chrysopterum preferring boulder and rubble habitats, and all other 

species tending to avoid this habitat. Bar charts show mean electivity 

values for different habitat types (N = 4 sites)



experimentally that Sp. aurofrenatum and Sc. taeniopterus 

suppress algae more effectively together than either species 

can alone. However, these results were context-dependent 

with Sc. taeniopterus controlling filamentous algal turfs 

and preventing the establishment of macroalgae in early 

successional stage communities. Yet Sp. aurofrenatum pre-

vented the spread and proliferation of macroalgae in later 

successional stage communities with high abundances of 

macroalgae, but had little impact on algal communities 

in early stages of succession. Our results indicate simi-

lar levels of diet complementarity among most species of 

Sparisoma and Scarus parrotfishes. The three species of 

Sparisoma parrotfishes that fed on significant amounts of 

brown macroalgae will be important for preventing mac-

roalgae from encroaching and overgrowing corals and may 

help reverse phase shifts on macroalgal-dominated reefs. 

In contrast, Scarus parrotfishes and Sp. viride, which favor 

algal turfs, crustose coralline algae, and endolithic algae, 

can prevent the establishment of macroalgae and create 

bare space that can be colonized by coral larvae following 

a disturbance. Thus, a mix of species from each genus will 

likely be necessary to simultaneously prevent the spread of 

harmful algae and facilitate coral recruitment and growth.

When considered alone, our observations of diet among 

Caribbean parrotfishes suggest high levels of functional 

redundancy within each genus. However, in addition to 

knowing what different herbivores are eating, we also need 

to understand how their impacts are distributed in space. 

We found that species with similar diets often foraged in 

different locations on the reef. For example, both Sc. vetula 

and Sc. coeruleus targeted turf algae almost exclusively, but 

they foraged in different areas and targeted different sub-

strates. Sc. vetula occupied small territories in high-relief 

areas where they fed predominantly on dead coral domi-

nated by sparse turfs and CCA. But Sc. coeruleus roved 

over larger areas feeding on algal turfs with high sediment 

loads growing on loose coral rubble and carbonate boul-

ders. Similarly, Sp. chrysopterum and Sp. rubripinne both 

fed on significant amounts of brown macroalgae, but Sp. 
rubripinne frequently fed from dead coral in high relief 

areas while Sp. chrysopterum primarily fed from uncon-

solidated coral rubble and carbonate boulders. Closely 

related herbivores with similar diets and foraging modes 

may, therefore, have fundamentally different impacts on 

reef ecosystems due to different habitat preferences and 

preferred feeding substrate.

Variation in where herbivores forage is likely to have 

important consequences for the maintenance and recov-

ery of coral-dominated reefs since some locations within a 

reef will be more suitable for the growth and recruitment of 

corals and algae than others. Species that feed intensely in 

high relief areas, such as Sc. vetula and Sp. viride, may be 

especially important for creating and maintaining habitat 

suitable for coral recruitment. In contrast, species that pref-

erentially associate with boulder and rubble habitat may be 

functionally less important since they tend to feed on algae 

growing on unstable coral rubble and carbonate boulders 

with high sediment loads which are poor habitat for corals 

(Birrell et al. 2005).

Differences in the movement behavior of herbivores 

can also impact the spatial patterning of primary producer 

communities, a phenomenon that has been well studied in 

grassland systems (Bakker et al. 1984; Adler et al. 2001; de 

Knegt et al. 2008). For example, on the African savannah, 

grazing by ungulates can stimulate productivity of grasses. 

As a result, grazers frequently revisit previously grazed 

patches, thereby creating mosaics of short, high-quality 

grass interspersed with lightly grazed, low-quality patches 

(McNaughton 1984). Similarly, in California grasslands, 

intense grazing by pocket gophers facilitates the long-term 

persistence of annual plants within their territories, while in 

the absence of grazing, the remaining landscape becomes 

dominated by late successional perennial species that deter 

colonization by gophers (Seabloom and Richards 2003). In 

both cases, positive feedback between grazing and forage 
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aging traits (i.e., bite rate, foraging range, diet, substrates targeted, 

and habitat preferences). Centroids for each species are plotted with 

dispersion ellipses using 0.9 confidence limits of the standard devia-

tion of species scores. Fishes that feed primarily on EAM (turf graz-

ers) have higher values of RDA 2 than those that feed on macroalgae. 

RDA 1 primarily captured differences in the spatial patterning of for-

aging, with spatially intensive foragers that prefer high relief habitat 

where they feed on dead coral having positive values, and spatially 

extensive foragers that prefer boulder and rubble habitat having nega-

tive values (N = ~18 individuals per species; see Table S2 for exact 

sample sizes)



quality interact with herbivore behavior to create persistent 

landscape scale patterns of heterogeneity in plant commu-

nities. Similar dynamics are likely in play on coral reefs, 

where intense grazing by territorial species such as Sc. vet-
ula may help maintain algal communities in a highly palat-

able state dominated by fast-growing filamentous turf algae 

with high cover of CCA which can facilitate coral recruit-

ment. In contrast, grazing by more wide-ranging fishes, 

such as Sc. coeruleus, is less likely to create the same posi-

tive feedbacks unless overall grazing levels are very high, 

or fishes consistently return to the same patches to forage 

(Sandin and McNamara 2012).

The high levels of complementarity and low levels of 

redundancy we observed among Caribbean parrotfishes 

suggests that loss of any single species is likely to result 

in the loss of some function. However, predicting the 

impact of species losses on ecosystem function requires 

understanding the degree of plasticity in a specie’s func-

tional traits. If plasticity is high and species adjust their 

traits in response to competitors, competition could lead to 

underestimates of a species functional niche. For example, 

complementarity in habitat use could be driven by inter-

ference competition, with competitively dominant species 

excluding subordinate species from the highest quality 

habitats (e.g., Robertson and Gaines 1986). We observed 

many aggressive interactions between parrotfishes (146 in 

162 focal observations), suggesting that competition was 

intense and that habitat use may be influenced by com-

petitive interactions. Most aggressive interactions (95 %) 

occurred between species in the same genus (which had 

largely overlapping diets), and the majority (60 %) were 

interspecific, suggesting that competition for food may 

drive closely related species to forage in different habi-

tats and target different substrates. Many of the aggressive 

interactions we observed involved Sc. vetula aggressively 

defending their small territories in high-relief habitat. Sub-

strate in the high-relief habitat was dominated by sparse 

turfs with low levels of sediments and macroalgae, a high 

quality diet relative to more highly sedimented turfs or 

dense macroalgae that often grew on coral rubble and low-

relief hardbottom (Reinthal and Lewis 1986; McClanahan 

et al. 2000; Bellwood and Fulton 2008). Thus, it appears 

likely that Sc. vetula excludes other turf grazers from high-

relief habitat, and the loss of Sc. vetula could result in the 

expansion of the functional niches of its competitors. Alter-

natively, the loss of Sc. vetula could result in a reduction in 

grazing intensity in these high-relief areas if other species 

only partially compensated for the high levels of herbivory 

by Sc. vetula in these habitats. Future work aimed at under-

standing how competition alters diet and habitat use would 

be especially useful for understanding the amount of redun-

dancy present within the parrotfish guild.

Patterns of functional redundancy and complementa-

rity could also vary with benthic community composition. 

Indeed, while our observations of diet are broadly consist-

ent with previous examinations of subsets of Caribbean 

parrotfishes in other locations (Randall 1967; Lewis 1985; 

Lewis and Wainwright 1985; Bruggemann et al. 1994; 

McAfee and Morgan 1996; Cardoso et al. 2009; Burkep-

ile and Hay 2010), the particular types of algae targeted 

by species can vary greatly among systems. For example, 

Burkepile and Hay (2011) found that large Scarus spe-

cies, including Sc. coelestinus, Sc. guacamaia, and Sc. 
vetula all apparently fed preferentially on articulated red 

coralline algae that grew in experimental herbivore exclo-

sures. These observations suggest that large Scarus spe-

cies may be more similar to Sparisoma species than they 

are to smaller Scarus species (such as Sc. taeniopterus) 

with regards to their strong preferences for some types of 

erect calcified macroalgae. Work on large Scarus parrot-

fishes in the Indo-Pacific also indicate that these ‘scraping 

and excavating grazers’ frequently preferentially browse 

on some types of erect calcified red and green algae when 

given the chance (Mantyka and Bellwood 2007; Rasher 

et al. 2013; Hamilton et al. 2014). These data suggest 

that the foraging patterns of some species may be quite 

flexible and that studies using behavioral observations to 

document feeding only on the common algal species may 

overestimate similarity in the diet preferences among spe-

cies. Our electivity analyses support these ideas as sev-

eral parrotfishes targeted relatively rare algal taxa such 

as articulated red coralline algae. Understanding which 

species control these rarer algal taxa is important as these 

typically rare species are often the taxa that come to dom-

inate areas when levels of herbivory are reduced (e.g., 

Burkepile and Hay 2008). Thus, more detailed work on 

how diet preferences change across varying levels of algal 

community composition are needed to help resolve these 

relationships.

Scientists and managers increasingly recognize the 

importance of functional diversity for maintaining healthy 

resilient ecosystems (Peterson et al. 1998; Bellwood et al. 

2004; Cadotte et al. 2011). Species are being lost from many 

ecosystems at an alarming rate, with large consumers often 

the first to go (Dirzo et al. 2014; McCauley et al. 2015). Pre-

dicting the impact of species losses on ecosystem function, 

therefore, requires knowing how much functional diversity 

exists within consumer assemblages. We found high levels 

of functional diversity among Caribbean parrotfishes, key 

herbivores that facilitate reef-building corals. While closely 

related species had similar diets, they preferred different 

habitats, fed from different substrates, and foraged at differ-

ent spatial scales. Subtle differences in habitat selection and 

the spatial scale of foraging will strongly modify feedbacks 



between herbivores, algae, and corals, emphasizing the 

need to consider multiple functional traits when predicting 

the impact of species losses in high diversity systems. By 

identifying key functional differences among Caribbean 

parrotfishes, this study provides critical information needed 

to manage parrotfishes to enhance the resilience of coral-

dominated reefs and reverse phase shifts on algal-dominated 

reefs throughout the wider Caribbean.
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