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Abstract
Herbivorous fish can increase coral growth and survival by grazing down algal competitors. With coral reefs in global 
decline, maintaining adequate herbivory has become a primary goal for many managers. However, herbivore biomass targets 
assume grazing behavior is consistent across different reef systems, even though relatively few have been studied. We docu-
ment grazing behavior of two scarid species in Antigua, Barbuda, and Bonaire. Our analyses show significant differences in 
intraspecific feeding rates, time spent grazing, and intensity of grazing across sites, which may alter the ecological impact 
of a given scarid population. We suggest several hypothesized mechanisms for these behavioral variations that would benefit 
from explicit testing in future research. As managers set targets to enhance herbivory on reefs, it is critical that we understand 
potential differences in scarid grazing impact. Our findings demonstrate the variability of grazing behavior across different 
reef sites and call for further investigation of the drivers and ecological implications of these inconsistencies.

Introduction

Herbivorous fishes can play a critical role in coral reef eco-
systems by suppressing algae and thereby facilitating coral 
growth, recruitment, and survival (Box and Mumby 2007; 
Rasher and Hay 2010; Steneck et al. 2014). In recent dec-
ades, coral reefs have become increasingly threatened by 
diverse anthropogenic impacts, including overfishing of her-
bivorous fish populations (Hughes et al. 2007; Edwards et al. 
2014). Insufficient herbivory can allow algae to outcompete 
corals for space, ultimately driving shifts from coral to algal 
dominance that have occurred in much of the Caribbean 
region (Jackson et al. 2014). Coral reef fisheries thus can-
not simply manage for sustainable yields as in traditional 
fisheries, but must also consider the levels of persistent her-
bivory required to maintain critical ecosystem functions. 

Increasing attention has been given to understanding how 
much herbivory is needed to sustain coral reef health and 
to identify thresholds of herbivore biomass that can be used 
to guide fisheries management targets (McClanahan et al. 
2011; Adam et al. 2015; Karr et al. 2015).

However, all herbivorous fish are not the same in terms of 
their grazing impact on reefs, and variation can occur both 
among and within species. Studies have highlighted func-
tional differences across species and size classes in terms of 
feeding morphology, selectivity, and foraging distribution 
within a reefscape (Bruggemann et al. 1994, 1996; Bonaldo 
and Bellwood 2008; Lokrantz et al. 2008; Ong and Holland 
2010; Burkepile and Hay 2011; Rasher et al. 2013; Afeworki 
et al. 2013; Adam et al. 2015, 2018; Hoey 2018). Selec-
tive exclusions of different herbivorous fish species result in 
distinct algal communities (Burkepile and Hay 2011), high-
lighting the ecological significance of interspecific differ-
ences in functional roles among herbivores and suggesting 
that simple targets for total herbivore populations may be 
inadequate in managing for coral reef health.

In addition to established interspecific and size-specific 
differences, environmental contexts can also drive variabil-
ity in herbivore behavior. Several empirical studies have 
demonstrated the sensitivity of behaviors such as foraging 
and movement to predator presence (Madin et al. 2010b; 
Davis et al. 2017); reef rugosity (Catano et al. 2014); grazing 
behaviors of proximate herbivores (Gil and Hein 2017); and 
the abundance, distribution, and nutritional content of algal 
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resources (Tootell and Steele 2016; Davis et al. 2017). In 
some cases, these behavioral variations have been explicitly 
linked to larger ecosystem impacts. For example, fishing-
induced declines in predatory fish abundances can increase 
grazing ranges of herbivorous fish and alter seascape-level 
algal distribution patterns (Madin et al. 2010b; DiFiore et al. 
2019).

Despite a growing understanding of the ecological impor-
tance of herbivore behavior and its sensitivity to environ-
mental conditions, many efforts to predict herbivore impact 
on reefs assume species- and size-specific feeding rates that 
remain constant across different reef environments, over-
looking factors such as fishing pressure and habitat shifts 
that, as noted above, have the potential to dramatically 
alter grazing behaviors. For example, many reef models 
use grazing behavior data from one or two locations (e.g., 
Mumby et al. 2006; Bozec et al. 2016; Perry et al. 2018) 
which—while still valuable—may not accurately represent 
dynamics on other reefs. Other studies have struggled to 
establish links between herbivore biomass and reef health 
(e.g., McClanahan et al. 2011; Karr et al. 2015; Bruno et al. 
2019), which could reflect variation in herbivore behavior 
that makes biomass an incomplete metric of herbivory. If 
herbivore feeding activity is suppressed under degraded reef 
conditions, such as low reef structural complexity or low 
fish populations, the biomass of herbivorous fish identified 
as capable of maintaining reef function in pristine systems 
may be insufficient in degraded environments. Insufficient 
herbivory may of course further reef degradation, potentially 

forming a reinforcing feedback loop (Mumby and Steneck 
2008; Nyström et al. 2012; Bozec et al. 2013; Adam et al. 
2015). Knowledge gaps around herbivore grazing behaviors 
are particularly important as we seek to manage individual 
reef ecosystems that vary greatly in terms of reef context 
and condition.

Here we assess both interspecific and intraspecific vari-
ability in multiple components of feeding behavior for two 
scarid (parrotfish) species across reef sites around three Car-
ibbean islands and discuss potential underlying mechanisms, 
ecological consequences, and management implications. We 
provide a framework of hypothesized pathways in which 
human activities may alter reef function through impacts on 
herbivore behavior that motivate future research and can be 
used to guide management.

Materials and methods

Study sites

Caribbean reefs vary greatly in terms of anthropogenic 
impacts and reef condition. Our study focused on 13 reef 
sites off the islands of Bonaire, Antigua, and Barbuda 
(Fig. 1) that encompass a range of benthic and fish com-
munity conditions. Bonaire has among the highest live coral 
cover and herbivorous fish biomass in the Caribbean region 
(Jackson et al. 2014), likely a result of longstanding fishing 
restrictions that include the prohibition of parrotfish harvest 

Fig. 1  Map of the Caribbean region highlighting Barbuda, Antigua, and Bonaire, the three islands included in this study. Inset maps show the 
locations of each study site within these three islands
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(Steneck et al. 2019). Antiguan and Barbudan reefs are more 
representative of many Caribbean reefs today (Jackson et al. 
2014), with relatively low coral cover and high algal abun-
dances, as well as reduced fish stocks due to substantial local 
fishing pressure. All three islands receive regular wave and 
wind exposure from the east and northeast, and sites were 
selected on relatively sheltered western- and southwestern-
facing shores for dive feasibility.

Surveys

All data were collected between March and August of 2017. 
Reef characteristics were assessed at 10 m depth to con-
trol for the influence of depth on algal growth rates, with 
behavioral observations of fish initiated between 8 and 12 m 
depths. Behavioral data were discarded if focal fish left a 
5–15 m depth range during the observation period.

Behavioral observations

We observed grazing behavior of two dominant scarid spe-
cies, Sparisoma viride and Scarus vetula, at each of our 13 
study sites. We targeted these species because of their rela-
tive abundance as well as their contrasting grazing mecha-
nisms. S. vetula takes relatively shallow, scraping bites 
and ingests mostly epilithic algae, or algae growing on a 
substrate’s surface. S. viride is an excavating grazer, tak-
ing deeper bites containing large amounts of both endolithic 
algae, which grow within the skeleton of a substrate such as 
dead coral or porous rock, and crustose algae, which form a 
thin crust on a substrate’s surface (Bruggemann et al. 1994). 
This analysis focuses only on initial phase (female) individu-
als due to their relatively high abundance and to eliminate 
potential interactions between territorial male behavior and 
feeding patterns. A size window of 15–30 cm forklength was 
used to reduce the potentially confounding effects of fish size 
on feeding behaviors.

Prior to data collection, three divers conducted under-
water size calibrations with marked PVC reference pipes to 
ensure consistency and accuracy of fish forklength estimates. 
PVC dive sleeves (tubes on which data were recorded) were 
marked at 5 cm increments to provide size references during 
data collection. Practice dives were completed at the onset 
of the Bonaire, Antigua, and Barbuda data collection peri-
ods, during which divers took turns observing each other’s 

fish follows to ensure consistency in diver behavior and data 
notation.

Divers quantified grazing behavior by following individ-
ual fish for a 2-min observation period. Once a target fish 
was identified, we estimated fish size and allowed for a 15-s 
calibration period. We initiated all follows from a distance of 
at least 3.5 m based on previously established flight initiation 
distances (S. viride = 2.4 ± 0.4 m, S. vetula = 2.8 ± 0.4 m; 
Table S2) at spearfished sites in Antigua. Fish in Bonaire 
were assumed to have smaller flight initiation distances 
because of the longstanding and heavily enforced spearfish-
ing ban, but we still initiated follows from a conservative 
3.5 m distance. Divers maintained this distance unless the 
focal fish approached, in which case divers maintained their 
positioning. We discarded data from any incomplete follows 
(e.g., where visual contact could not be maintained for a 
full 2-min period) or follows where fish hid or fled from the 
observing diver. After each 2-min observation, divers moved 
slowly in a preestablished direction along the reef and identi-
fied a subsequent focal individual of a different species and/
or estimated forklength to avoid repeated observations of the 
same individual (Nash et al. 2016).

During each follow period, divers recorded the com-
mencement and cessation of grazing forays and the number 
of bites taken during each foray. Grazing forays were defined 
as a cluster of consecutive bites and were distinguished from 
a preceding foray by an elevation of the fish’s head > 45° 
above the substrate and active swimming to another loca-
tion (Nash et al. 2012). We used these grazing data to quan-
tify several components of feeding behavior: active bite 
rate, time spent grazing, feeding rate, and grazing intensity 
(Table 1). Active bite rate refers to the frequency of bites 
taken during periods of active feeding, while feeding rate 
refers to the frequency of bites taken during the entire dura-
tion of a follow, including time not spent feeding. Time spent 
grazing is reported as the fraction of the total observation 
period during which a fish was actively feeding. Grazing 
intensity refers to the average number of consecutive bites 
taken in a feeding foray before feeding ceases.

Reef community data

At each site we conducted fish, benthic, and rugosity surveys 
to quantify various components of reef condition (Table 2). 
We used a modified Atlantic Gulf Rapid Reef Assessment 

Table 1  Behavioral variables 
measured during fish follows

Variable Definition Unit

Bite rate Bite rate during active grazing forays bites  s−1

Time spent grazing Fraction of time spent grazing during follow fraction
Feeding rate Overall bite rate during total follow bites  min−1

Grazing intensity Average number of bites per grazing foray bites  foray−1
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(AGRRA; Lang et al. 2010) protocol with 30 m by 4 m belt 
transects and 10 m point-intercept transects for fish and 
benthic surveys, respectively. We recorded all herbivorous 
and piscivorous fish encountered that were larger than 5 cm 
forklength. On benthic surveys, we assessed percent cover 
of live and dead coral, epilithic turf algae, macroalgae, and 
other benthic organisms by identifying the substrate under 
transect points at 10 cm intervals. In cases where multi-
ple substrate types overlapped (e.g., dead coral covered by 
algae or other benthic organisms), we identified the substrate 
based on the uppermost layer. We measured the canopy 
height of turf and macroalgae at each point where it was 
present to a precision of 1 mm. To assess reef rugosity, we 
measured the length of a line run molded to the reef contour 
directly below each meter of the taut 10 m benthic tran-
sect tape (sensu Alvarez-Filip et al. 2009). We carried out 
between five and seven fish transects and between four and 
five benthic and rugosity transects per site.

Analysis

To estimate fish biomass at each site, we calculated the 
weight of individual fish encountered on underwater sur-
veys using published length–weight relationships (Bohn-
sack and Harper 1988). We classified potential predators 
as piscivores above 30 cm forklength based on approxima-
tions of predator gape size relative to the body depth of the 
smallest (15 cm forklength) S. viride and S. vetula individ-
uals observed in this study (details provided in electronic 
supplementary material). While optimal prey size is likely 
smaller than a predator’s full gape (Mumby et al. 2006), 
consumption of prey up to gape size has been observed 
(Wainwright and Richard 1995; Nash et al. 2012). We used 
benthic point-intercept data to calculate the proportion of 
each transect composed of each benthic substrate type. To 
calculate rugosity, we generated a ratio of contoured to 
taut transect lines where 1 is a flat surface and increasing 
values indicate increasing complexity (Alvarez-Filip et al. 

2009). Mean fish, benthic, and rugosity characteristics 
across transects for each site were integrated via princi-
pal component analysis (PCA) to characterize differences 
across our 13 study sites. All analyses were conducted in 
R 4.0.2 (R Core Team 2020).

When analyzing behavioral data, we excluded one site 
in Barbuda (Pallaster West) from S. viride analyses and two 
sites in Antigua (Rendezvous and Turtle Bay) and one in 
Barbuda (Pallaster East) from S. vetula analyses due to a 
low abundance of initial phase individuals at these sites. 
Thus, results are based on a total sample size of n = 194 and 
n = 163 individuals for S. viride and S. vetula, respectively, 
with means of 16.2 ± 1.6 and 16.3 ± 3.2 individuals observed 
per site (see Table S3). Grazing intensity was calculated by 
averaging the number of bites in a complete feeding foray 
for each individual fish followed. Site-level summary sta-
tistics were calculated using mean values of bite rates, time 
spent grazing, feeding rates, and grazing intensity. Variation 
among sites was quantified via Kruskal–Wallis analysis of 
variance, because heteroscedasticity of behavioral response 
variables violated parametric assumptions.

To evaluate the effects of reef condition, species, and fish 
size on grazing behaviors across sites, we used generalized 
additive mixed models (GAMMs) with Gaussian distribu-
tions using the mgcv package in R (Wood 2020). GAMMs 
allow for detection of nonlinear relationships among vari-
ables as well as the distinction among fixed and random 
effects (Zuur et al. 2009). Because explanatory fish and ben-
thic community variables of interest exhibited collinearities 
(VIF (variable inflation factor) > 3; Zuur et al. 2007), PC1 
and PC2 from our PCA were used to summarize variations 
in reef condition. Our models included combinations of 
PC1, PC2, species, and mean size (forklength) of focal fish 
for each species and site as explanatory variables, as well 
as interactions between species and PC1, species and PC2, 
and species and size to allow for different responses among 
species. All continuous variables (PC1, PC2, size, and any 
interactions) were included with smooth terms to allow for 
potential nonlinear relationships, while species, a categorical 
variable, was included with a parametric term. Island was 
included as a random effect. Mean feeding rates and graz-
ing intensities were calculated for each species and site and 
included as the two behavioral response variables for our 
GAMMs. The number of knots, which correlates with the 
complexity of a GAMM’s fitted spline, was set to three to 
prevent overfitting while still accommodating potential non-
linear relationships (Zuur et al. 2009). We evaluated mod-
els using Akaike’s information criteria adjusted for small 
sample sizes (AICc) using the MuMIn package in R (Bar-
tón 2020). Effective degrees of freedom (edf) are reported 
to quantify nonlinearities among continuous predictor and 
response variables (Hunsicker et al. 2016).

Table 2  Factor loadings of nine reef characteristic variables for PC1 
and PC2

Factor PC1 loading PC2 loading

Rugosity − 0.37 0.34
Macroalgal cover 0.36 0.29
Macroalgal canopy height 0.35 0.33
Turf cover 0.25 − 0.54
Turf canopy height 0.31 0.20
Coral cover − 0.41 − 0.06
Scarid biomass − 0.37 − 0.04
Scarid density − 0.21 0.56
Predator biomass − 0.32 − 0.17
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Results

Reef community composition

Reef characteristics varied substantially among sites (Fig. 2). 
PC1 and PC2 accounted for 55.6% and 24.6% of variation 
among sites, respectively. High PC1 values reflect primar-
ily low coral cover, reef rugosity, and scarid biomass and 
high macroalgal cover and canopy height (Table 2), essen-
tially indicating poor reef health. High PC2 values, on the 
other hand, primarily indicate high scarid density and low 
turf algal cover. Large predator biomass and density were 
highly correlated (R2 = 0.99), so only biomass was used to 
represent predator presence in the PCA. Bonaire sites were 
characterized by higher scarid and predator biomass and 
lower turf and macroalgal canopy height and macroalgal 
percent cover than Antiguan and Barbudan sites. Barbudan 
sites typically had higher scarid densities and reef rugosity 
and lower percent cover of turf algae than Antiguan sites, 
with both islands having similar levels of coral cover and 
scarid and predator biomasses.

Feeding behavior

Feeding rates, time spent grazing, and grazing intensity var-
ied significantly (p < 0.001) across sites for both S. vetula 
and S. viride populations (Fig. 3). For S. vetula, feeding rates 
differed almost ninefold and grazing intensity differed nearly 
fivefold between the highest and lowest sites, while S. vir-
ide feeding rates and grazing intensities varied over fivefold 
and sixfold, respectively. Differences in site-level feeding 

rates reflected differences in the fraction of time that fish 
spent grazing as opposed to differences in bite rates while 
actively feeding, which did not differ significantly among 
sites (p > 0.5).

To investigate potential drivers of these documented 
behavioral differences, we compared GAMMs with differ-
ent combinations of reef condition and fish species and size 
predictors. We focused on drivers of feeding rate and grazing 
intensity, omitting time spent grazing because of its inher-
ent link with overall feeding rate. Species and PC1 were 
included in all of the best models predicting both feeding 
rate and grazing intensity (Tables 3, S4). The role of species 
in driving feeding behaviors reflects known differences in 
grazing morphologies between S. viride and S. vetula, with 
S. vetula taking more frequent bites (Table S5). PC1 had 
an inverse relationship with both feeding rate and grazing 
intensity (see Figs. 2, 3), suggesting that scarids take fewer 
total bites and fewer bites per individual grazing foray on 
reefs characterized by low scarid and predator abundances, 
low coral cover and rugosity, and high turf and macroalgal 
cover. In the succeeding models for both feeding rate and 
grazing intensity, PC1 had a stronger negative effect for S. 
vetula than S. viride (Table S5). Fish size was included in the 
third best performing models for both feeding rate and graz-
ing intensity, although it was not a significant predictor in 
either model (Table S5). Continuous predictor variables had 
linear relationships (edf = 1) in all selected models except for 
the second-best model predicting grazing intensity, in which 
the species and PC1 interaction term was slightly nonlinear 
(edf = 1.455 and 1.432 for S. vetula and S. viride, respec-
tively; Table S5).

Fig. 2  Principal compo-
nent analysis (PCA) of reef 
characteristics at 13 assessed 
sites across Antigua Barbuda, 
and Bonaire. Arrows represent 
the contributions of nine reef 
variables to the first and second 
principal components (PC1 and 
PC2). PC1 and PC2 account for 
55.6% and 24.5% of variance in 
reef characteristics, respectively
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Discussion

Several underlying mechanisms linking environmental con-
ditions to herbivore behavior may be driving observed dif-
ferences among sites. Covariation among linked reef char-
acteristics restrict us to using PCA indicators as opposed to 
specific reef traits in our GAMM analyses, and our corre-
lational results do not allow us to determine causality (e.g., 
algal abundance may be causing differences in herbivore 
behavior, or vice versa). Despite these limitations, we pre-
sent hypotheses for potential underlying mechanisms here 
(Fig. 4) and discuss relevant theory and ecological and man-
agement implications. While we cannot conclusively test 
these hypotheses within the scope of this study, we discuss 

Fig. 3  Mean feeding rates, fraction of time spent grazing, bite rate, and grazing intensity across sites for initial phase S. viride and S. vetula 
between 15 and 30 cm forklength. Error bars represent ± standard error

Table 3  GAMM results predicting feeding rate and grazing intensity 
by site

Asterisks denote interactions among explanatory variables. The top 
three models based on AICc values are reported here

Model Adj. R2 AICc ΔAICc

A) Feeding rate
1. Species + PC1 0.59 150.42 0.00
2. Species + PC1*species 0.64 155.95 5.53
3. Species + size + PC1 0.57 159.84 9.42
B) Grazing intensity
1. Species + PC1 0.64 119.87 0.00
2. Species + PC1*species 0.70 125.19 5.32
3. Species + size + PC1 0.63 129.19 9.32
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preliminary evidence for each and highlight priorities for 
further research.

Social feeding or shared vigilance hypothesis: shared 
vigilance theory describes the benefits to prey of grouping 
together (e.g., schools, herds), as each individual can spend 
less time looking out for predators and more time carrying 
out other behaviors such as feeding (Pulliam et al. 1982; 
Roberts 1996; Lima and Bednekoff 1999). Assuming con-
stant predator populations, as group size decreases, vigilance 
becomes more concentrated on each individual group mem-
ber. A recent empirical study demonstrated that herbivorous 
reef fish use social cues from the density and behavior of 
other herbivores to determine whether or not to feed (Gil 
and Hein 2017). Individual fish were more likely to com-
mence grazing as the presence of other feeding individuals 
increased. This ‘behavioral coupling’ may drive a poten-
tial reinforcing feedback loop in which higher herbivore 
abundances increase the feeding activity of each individual 
fish, further increasing the grazing impact of a given school 
(Fig. 4). While we cannot distinguish among correlated reef 
characteristics here, scarid biomass was one of the strongest 
contributors to PC1 (Table 2), a significant predictor of feed-
ing rate and grazing intensity in all best performing GAMMs 
(Table 3). Scarid density contributed moderately to PC1 and 
strongly to PC2, which was not a significant predictor in any 
of the selected models. More data and dedicated studies are 

needed to distinguish the exact effects of herbivore abun-
dance in determining feeding behaviors.

Predation risk hypothesis: as introduced above, predation 
risk can be an important driver of feeding behavior. While 
collective vigilance can moderate predation risk, predator 
presence is an ultimate determinant. Previous work has 
documented the suppressive effect of acute predator pres-
ence (typically simulated with large piscivore decoys) on 
herbivore feeding rates (Madin et al. 2010a; Rizzari and 
Frisch 2014; Catano et al. 2017; DiFiore et al. 2019). Reef 
rugosity may also impact predation risk by modifying prey 
refuge availability and visibility to predators (Alvarez-Filip 
et al. 2009). While predator biomass was a moderate driver 
of PC1, rugosity was among the strongest (Table 2), suggest-
ing it may have played a role in predicting feeding rate and 
grazing intensity in our top performing models.

While not explicitly investigated here, risk of predation 
from spearfishers may play a substantial role in determining 
scarid grazing behavior. The larger S. vetula and S. viride 
individuals observed in our behavioral observations are 
approaching size refuge from most natural predators, but 
they would be likely targets for spearfishers in both Anti-
gua and Barbuda. We did not quantify spearfisher presence 
across sites (beyond its enforced absence in Bonaire), so we 
cannot assess this potential effect here, but point out that 
it may have important implications for herbivore behavior. 
While declines in herbivorous fish abundances that could 
alter perceived risk and social feeding behaviors may be 
countered by simultaneous declines in natural predator 
abundance, spearfishing can have the effect of both reduc-
ing group size and increasing predation risk (Fig. 4). Similar 
to the social feeding hypothesis, spearfishing could have a 
double impact of both reducing herbivorous fish biomass 
and reducing the grazing impact of remaining fish by alter-
ing perceived risk environments. While several studies 
have documented the effects of spearfishing on fish flight 
behavior (e.g., Gotanda et al. 2009; Januchowski-Hartley 
et al. 2011, 2015), further work is needed to investigate the 
potential chronic effects of spearfishing on herbivore feed-
ing behaviors.

Bite content hypothesis: differences in feeding rates could 
also reflect differences in the content or quality of an indi-
vidual bite. Significant negative relationships between PC1 
and both feeding rates and grazing intensity in all top mod-
els reflect negative associations with the cover and canopy 
height of both turf and macroalgae (Table 2). In sites with 
higher algal canopies, scarids may be obtaining more bio-
mass of food per bite than in areas with heavily cropped 
algae, requiring them to take fewer bites to obtain the same 
nutritional intake. However, previous empirical work done 
on the bite volume of both S. viride and S. vetula showed 
that bite content (biomass of algae removed) did not vary 
significantly with algal canopy height (Bruggemann et al. 

Fig. 4  Hypothesized pathways in which various environmental fac-
tors may impact herbivore feeding behaviors, and potential feedback 
loops affecting overall grazing impact and coral health. Dashed lines 
indicate behaviorally mediated effects while solid lines represent 
density-mediated effects. Proposed mechanisms include social feed-
ing dynamics (1), risk effects driven by predator presence (2) or reef 
rugosity (3), and bite content (4)
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1994). It is also possible that scarids need to employ more 
rapid feeding rates if forced to graze on material with lower 
nutritional quality. This could be the case in Bonaire, where 
higher parrotfish densities and lower algal cover may make 
high quality resources more limited. While actual bite con-
tent was not assessed here in terms of biomass nor nutri-
tional quality, it would be valuable to investigate potential 
differences across sites as these could have implications for 
both fish growth and benthic dynamics.

Variation in herbivore feeding rates and grazing intensity 
may have important ecological consequences and manage-
ment implications for coral reef systems. Feeding rates can 
directly influence the amount of algae removed from a given 
reef, while grazing intensity can influence the effectiveness 
of grazing in cropping algae. Grazing forays with more con-
secutive bites suggest more concentrated grazing, which are 
likely more effective in maintaining sufficiently low algal 
canopy heights and clearing substrate for growing or newly 
recruiting corals than bites dispersed throughout the reefs-
cape. Experimental evidence has shown that more spatially 
concentrated grazing results in persistently suppressed algal 
canopy heights, suggesting that a given herbivore popula-
tion’s ability to maintain algae in a cropped state depends 
on the distribution of grazing efforts (Williams et al. 2001).

Because of these ecological implications, behavioral 
variations may be important in guiding effective coral reef 
management. If feeding rate data from one area are used to 
predict the impact of a given species in other parts of the 
region, we may be overlooking important behavioral differ-
ences and misrepresenting grazing levels of different scarid 
populations. Feeding rates are used in herbivory models to 
calculate the grazing impact by a given fish community (usu-
ally expressed as the amount of reef surface area grazed per 
unit time). Studies examining relationships between herbi-
vore biomass and reef health have had difficulty finding clear 
relationships (McClanahan et al. 2011; Karr et al. 2015; 
Bruno et al. 2019), possibly because these relationships are 
being distorted by differences in feeding behavior in differ-
ent reef environments. Several hypothesized mechanisms 
predict lower feeding rates in more degraded reef conditions, 
implying that models using feeding rates from exemplary 
reefs may overestimate herbivory when applied to other 
systems. While these exact mechanisms are not tested here, 
we document some supporting trends and pose important 
questions for future research. Specifically, the relative roles 
of scarid abundance and scarid behavior, and the potentially 
reinforcing effects of these two factors, are critical areas for 
future empirical and modelling work.

While our study investigates the relationships between 
various reef traits and herbivore grazing behaviors, it is 
also important to note that we cannot establish causality 
here and that many of these relationships may be bidi-
rectional or cyclical. For example, correlations between 

high algal abundances and low feeding rates may mean 
algal abundance is driving reduced feeding rates or that 
reduced feeding rates are increasing algal abundances, 
or that both relationships drive a reinforcing feedback 
loop. If mechanisms such as social feeding are respon-
sible for variations in herbivore behavior, then links to 
algal communities could indicate the ecological implica-
tions of these behavioral impacts. Because algal variables 
were expectedly correlated with other reef characteristics 
such as rugosity and herbivore populations, we could not 
examine them here as potential response variables. Further 
investigation of these exact drivers is required to deter-
mine causality and investigate potential feedback loops 
in which grazing reductions attributed to more degraded 
reef conditions would further compound reef deterioration 
(Fig. 4). While additional experimental work is needed to 
distinguish underlying behavioral triggers, it is also likely 
that multiple mechanisms are acting in tandem as fishing, 
fish, and benthic characteristics are tightly linked in most 
reef systems.

Human activities are driving widespread changes in 
wildlife behaviors across marine and terrestrial ecosystems 
(Madin et al. 2015; Larson et al. 2016), which have the 
potential to affect critical ecological processes (Hebblewhite 
et al. 2005; Madin et al. 2010b; Ripple and Beschta 2012; 
Wilson et al. 2020). This study documents differences in 
multiple scarid feeding behaviors across various Caribbean 
reef systems and suggests possible sensitivity of these criti-
cal feeding behaviors to reef condition. Coral reef manag-
ers should be aware of pathways in which human activities 
may reduce herbivore grazing impacts and be conservative 
in setting targets for herbivorous fish biomass in areas where 
feeding behaviors may be suppressed. If behavioral variation 
among reef environments is ignored, managers of character-
istically degraded areas may overestimate the grazing impact 
of a given herbivore population when using behavioral data 
from more ‘pristine’ systems, thereby underestimating the 
herbivore biomass needed to sufficiently suppress algae and 
insufficiently restricting fisheries. Managers may also inac-
curately assume that increasing herbivore biomass will line-
arly increase herbivory, while in fact these relationships may 
be moderated by other environmental conditions. If social 
feeding dynamics are a strong driver of herbivory behaviors, 
cessation of spearfishing in reef areas would have dispro-
portionately positive effects on herbivory, in that herbivore 
biomass would increase as would the grazing impact of each 
individual. However, further investigation of these specific 
drivers is needed before conclusive management recommen-
dations can be made. Initial insights from this study suggest 
a need for increased incorporation of behavioral effects into 
ecosystem management and highlight critical areas for future 
research.
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