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S1.  Site selection and sampling design 

S1.1 Further detail on quantifying halos 

 In order to conduct a systematic analysis of patch reef and halo geometries, we manually 
digitized 757 patch reefs and their respective halos in the Florida Keys National Marine 
Sanctuary (FKNMS) and along a ~250 km2 reef tract of the South Water Caye Marine Reserve 
(SWCMR) in Belize. We divided the FKNMS into latitudinal segments running roughly 
perpendicular to the forereef. The frequency of the segments depended on patch reef density. For 
the middle and lower Florida Keys we digitized every patch reef encountered in every other 0.8 
km band, while in the upper Florida Keys, we examined 0.4 km wide bands spaced 0.8 km apart. 
In Belize, we manually selected every patch reef visible in the high-resolution satellite scene, and 
randomly selected 100 patch reefs where we digitized the patch reef boundary and surrounding 
halo. 
 Patch reefs are not uniform. In our landscape analysis we only digitized patch reefs that 
1) were singular (i.e., not highly aggregate), 2) where the image was of high enough quality to 
assess the halo and patch reef boundaries (i.e. not obscured by clouds, turbidity, sun glint, or 
water depth) and 3) had halos that were distinct for more than ~ 70% of the patch perimeter. All 
patch reefs large enough to clearly see in the imagery (> 10 m2), were surrounded by a halo, 
suggesting the ubiquity of halo formation in Florida and Belize. 
 To determine halo width (i.e., the average distance from the patch reef edge to the halo 
boundary), one observer (BD) digitized the patch reef and the halo boundary. The halo boundary 
was estimated as the point of greatest transition in substrate reflectance surrounding the reef. For 
the 13 patch reefs where we conducted fieldwork, three untrained and one trained observer 
estimated the patch and halo boundaries to establish halo estimation error (see error bars in 
Fig. 3a in text). Using ArcGIS© (version 10.4, ESRI 2017) and QGIS (version 2.18.13, QGIS 
Development Team 2017) software, we estimated halo extent as the average nearest neighbor 
distance between densified point clouds located along the halo boundary and patch edge. 

S1.2 Verification of relationship between imagery and field observations 
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To verify the relationship between satellite imagery and field data, we compared satellite 
reflectance, resource density, and grazing along transects extending from the edges of four patch 
reefs in Belize. To quantify the density of seagrass and algal resources we used photo quadrats 
(0.25 m2) taken at 2 m intervals along one to three transects extending from 0-30 m from the 
reef. We assessed density by manually classifying presence or absence of resources at 100 
stratified random points in each image using the online CoralNet application (Beijbom et al. 
2015). We compared resource coverage (%) to green-band reflectance values extracted from 
high resolution imagery. We then examined the pairwise relationships between distance from the 
reef edge and grazing (%), resource density (%), and satellite reflectance, using ordinary least 
squares regression (Figs. S4, S5). Grazing pressure and satellite reflectance decreased with 
distance from the reef edge (Fig. S5a, r2 = 0.38, p < 0.001; Fig. S5c, r2 = 0.61, p < 0.001; 
respectively), while the density of resources increased with distance (Fig. S5b, r2 = 0.71, p < 
0.001). 
 

S1.3 Field data collection details 

 We conducted fieldwork in the Florida Keys National Marine Sanctuary (Florida, USA) 
and in the South Water Caye Marine Reserve (Belize). We assessed fish communities and in situ 
grazing at 5 patch reefs in Florida (Fig. S1) and 8 patch reefs in Belize (Fig. S2), both inside and 
outside no-take (fishing prohibited) marine protected areas (Table S1). At each patch reef we 
conducted both fish (50x5 m belt transects) and sea urchin (30x2 m belt transects) surveys in 
order to assess the density of predators and herbivores. When individual fish could not be 
identified to species we classified them according to the lowest possible taxonomic grouping. We 
inspected all overhanging reef margins for species out of view from the surface. We did not 
double count fish if they left and returned to the belt, and fish that overtook the observer were 
not recorded. Surveys were not conducted if visibility was poor (< 2.5 m). The same two 
researchers conducted all fish identification and size estimation. Prior researchers have debated 
the impact of fish (Randall 1965) versus urchin (Ogden et al. 1973) herbivores in the formation 
of grazing halos. We did not find evidence of high mean urchin densities (mean ± 1 SD: 0.17 ± 
0.3 ind. m-2), and only one patch reef had high urchin density (0.9 ind. m-2). The vast majority of 
urchins, however, were Echnometra viridis, which rarely venture into the surrounding substrate 
adjacent to the reef compared with Diadema antillarum (V. Paul personal observation). Given 
the lack of urchin presence, and in particular the lack of D. antillarum, we excluded urchins from 
all subsequent model analysis. 
 Estimating the density of large, mobile predators is notoriously challenging, particularly 
in shallow water (< 7 m), with variable visibility. In order to establish a better estimate of these 
species (e.g., barracuda and jacks), we conducted two passes on each fish survey transect. In the 
first 50 m transect we recorded every fish larger than 25 cm that was visible to the observer. On 
the second pass along the same transect we quantified every fish larger than 5 cm within 2.5 m 
on either side of the transect tape. The model results presented in this paper represent only the 
data from the second pass of each survey as this was the only data that we could comfortably 
assume represented equal sampling effort at each patch (i.e. we could calculate abundance across 
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the 250 m2 belt transect). Thus, our estimates of predator density should be considered 
conservative, as large, mobile predators likely left the area or were unlikely to pass directly 
underneath the observer in shallow water.  
 A grazing assay sampling unit consisted of two seagrass blades each clipped to 
individual, weighted clothespins, placed every 2 m from 0 to 20 m. Seagrass blades were cut to 
standardized lengths: 7 cm for all patch reefs except one, where we initially used 10 cm blades 
but reduced the blade length due to challenges in finding consistent, undamaged longer sections 
(all analysis was performed on the proportion grazed in order to control for differences in blade 
length and width). Individual clothespins with a single seagrass blade were placed approximately 
30 cm apart, on either side of the survey tape at the specified distance from the patch reef. We 
controlled for between-site variation in seagrass nutritional quality by collecting seagrass blades 
in the immediate vicinity of each patch reef (Belize) or at the boundary of each no-take area due 
to sanctuary regulations (Florida). We selected seagrass blades that were relatively free of 
epiphytic algae but did not scrape the blades due to bruising and degradation following scraping 
in preliminary trials. Blades were photographed before and after deployment, and we calculated 
the proportion consumed using ImageJ software.  
 Approximately 1 cm2 of each blade was concealed in the clothespin. To account for assay 
availability and differences in deployment time between regions (Belize – 24 hours, Florida – 72 
hours), after calculating percent consumed day-1 we scaled the data from 0-1 within regions by 
subtracting the minimum from each value and dividing by the range. We decided a priori on 20 
m long transects due to initial satellite analysis of halo widths at the study sites. The satellite 
estimates of halo width at all but one of the patch reefs where we conducted fieldwork were 
narrower than 20 m.  
 

S2. Data Analysis 

S2.1 Model specifics 

 The grazing data that we collected at patch reefs in Florida and Belize were proportions 
with a high prevalence of zeros (i.e. assays that were not eaten). Given this data distribution, we 
used hurdle models to model grazing as a two-part process: 1) the probability that an assay had 
evidence of grazing (binary response), and 2) the proportion of the assay grazed when grazing 
was evident (truncated continuous response between 0 and 1). Hurdle, or two-part, models 
separate the data into a process that models zeros versus non-zeros and a process that models the 
positive non-zero data values (Zuur et al. 2009). While typically used to model count data with 
excess zeros, they can be adapted to semi-continuous proportion data using a beta distribution to 
model the non-zero component (Ospina & Ferrari 2012). Beta distributions are useful for 
modeling proportions as they are extremely flexible and are bounded by, but do not include, 0 or 
1 (Ferrari & Cribari-Neto 2004, Bolker 2008). Excessive zeros in data can represent either true 
zeros and be modeled using zero-adapted approaches, or false zeros and be modeled using zero-
inflated approaches (Zuur et al. 2009). We explored the use of zero-inflated models, rather than 
zero-adapted, or hurdle, models but we felt that there was no compelling reason to assume false 
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zeros in our data set. Grazing either occurred or it did not, unlike the common situation of 
needing to account for false zeros in species occurrence data (Zuur et al. 2009). 
 Specifically, we modeled main effects and higher order interactions of distance from the 
reef edge, predator (i.e., piscivore) density and herbivore density on grazing incidence and 
grazing intensity. We included region, patch reef number, and grazing assay transect number as 
nested random intercept effects using R package glmmTMB (Brooks et al. 2017).  We built a 
model to test the hypothesis that predator or herbivore density influenced the distance from the 
reef edge that foragers would graze. Therefore, we included all interactions (three-way and each 
pairwise interaction) between distance, predator abundance, and herbivore density (Table S3). To 
assess model fit, we tested for heteroscedasticity and normality of residuals. A predictor variable 
was deemed significant (α < 0.05) via Wald’s tests and confirmed using chi-square likelihood 
ratio tests. When there was no evidence of a higher order interaction (α > 0.1), models were refit 
without the interaction term. For visualization purposes, we multiplied the predicted probability 
that grazing occurred by the predicted proportion of each assay that was grazed (Brooks et al. 
2017) (see Fig. 2 in text). Figure S3 shows the predictions of the hurdle model fit across each 
level of the random effects. 

S2.2 MPA Effects 

 The intention of our experimental design was not to test for differences in grazing 
patterns or halo width between protected and unprotected sites but rather to sample within 
protected sites to ensure variation in predator and herbivore densities.  No-take marine protected 
areas (MPAs) have been shown to alter the community structure of coral reef fish assemblages 
(Lester et al. 2009), although we did not find evidence for increased abundance of predators or 
herbivores inside MPAs in our study. For our main analysis, we focused on how predator and 
herbivore abundances altered grazing patterns and halo width, but it is possible that MPAs may 
have had confounding effects on grazing patterns beyond just changing the density of predators 
and herbivores. Therefore, we conducted a supplemental analysis where we included protection 
status as a covariate in our models. We found no effect of MPAs on in situ grazing patterns 
(ßincidence = -0.74 ± 1.5, p = 0.63; ßintensity = 0.08 ± 0.4, p = 0.81), although we acknowledge that 
the inference from this analysis is limited by the low replication of patch reefs within MPAs (2 
MPAs with 2 patch reefs in each).  
 A thorough examination of differences in grazing halo width inside and outside of MPAs 
at the landscape scale was challenging due to the limited number of patch reefs located within 
MPAs. In the FKNMS, there were few (n = 33) singular (i.e. not aggregate) patch reefs visible in 
satellite imagery located inside of MPAs compared with the number of patch reefs located in 
fished areas, as most protected sites were located on the forereef rather than the backreef zone. 
Furthermore, these MPAs were not evenly distributed across the latitudinal gradient of the 
FKNMS and only two MPAs had more than one patch reef, precluding a landscape wide 
assessment of differences. 
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Table S1. Protection status, surrounding substrate, and sampling details for patch reefs where fieldwork was conducted in 2016. 
 Location Protection 

Status 
No-take MPA  

Latitude; 
Longitude 

Number of 
Grazing 

Transects 

Number of 
Recovered Assays 

(out of 33) 

Number of 
Belt Transects 

Surrounding 
Substrate 

1 Belize Protected Southwater Caye 
Conservation Zone 

16.8042329; -
88.08417864 

3 30 5 Seagrass 

2 Belize Protected Southwater Caye 
Conservation Zone 

16.80555049; -
88.08336897 

3 32 5 Seagrass 

3 Belize Fished    16.76878015; -
88.08617058 

3 30 5 Seagrass 

4 Belize Fished    16.77449228; -
88.08522133 

3 31 4 Seagrass 

5 Belize Fished    16.80446568; -
88.11365046 

3 32 3 Seagrass 

6 Belize Fished    16.79933294; -
88.11401179 

3 33 3 Seagrass 

7 Belize Fished    16.75729726; -
88.08763162 

3 32 3 Seagrass 

8 Belize Fished    16.75067616; -
88.09806356 

3 32 3 Seagrass 

9 Florida Protected Newfound Harbor  16.8042329; -
88.08417864 

3 31 4 Macroalgae 

10 Florida Protected Newfound Harbor  16.80555049; -
88.08336897 

3 28 3 Macroalgae 

11 Florida Fished    16.76878015; -
88.08617058 

3 31 3 Macroalgae 

12 Florida Fished    16.77449228; -
88.08522133 

3 29 3 Macroalgae 

13 Florida Fished    16.80446568; -
88.11365046 

3 29 3 Macroalgae 
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Table S2. Most commonly encountered species in Belize and Florida. 
 Most common species in Belize  Most common species in Florida 
 Common Identity Frequency  Common Identity Frequency 

1 Dusky damselfish 
(Stegastes adustus) 

708  Bluestriped grunt (Haemulon 
sciurus) 

1328 

2 Juvenile parrotfish 
(subfamily Scarinae)  

499  French grunt (Haemulon 
flavolineatum) 

941 

3 French grunt (Haemulon 
flavolineatum) 

323  Juvenile parrotfish 
(subfamily Scarinae) 

380 

4 White grunt (Haemulon 
plumierii) 

256  Smallmouth grunt (Haemulon 
chrysargyreum)  

194 

5 Wrasses (unidentified) 
(family Labridae) 

248  Sergeant major (Abudefduf 
saxatilis) 

187 

      
 Most common herbivores in Belize  Most common herbivores in Florida  
 Common Identity Frequency  Common Identity Frequency 

1 Damselfish (Stegastes spp.) 916  Juvenile parrotfish 
(subfamily Scarinae) 

380 

2 Juvenile parrotfish 
(subfamily Scarinae) 

499  Damselfish (Stegastes spp.) 170 

3 Striped parrotfish (Scarus 
iseri) 

128  Rainbow parrotfish (Scarus 
guacamaia) 

64 
 

4 Surgeonfish (Acanthurus 
spp.) 

121  Surgeonfish (Acanthurus 
spp.) 

62 
 

5 Redband parrotfish 
(Sparisoma aurofrenatum) 

107  Stoplight parrotfish 
(Sparisoma viride) 

39 

      
 Most common piscivores in Belize   Most common piscivores in Florida 
 Common Identity Frequency  Common Identity Frequency 

1 Schoolmaster snapper 
(Lutjanus apodus) 

111  Schoolmaster snapper 
(Lutjanus apodus) 

107 

2 Graysby (Cephalopholis 
cruentata) 

31  Mutton snapper (Lutjanus 
analis) 

15 

3 Hamlet (Hypoplectrus) 18  Gray snapper (Lutjanus 
griseus) 

10 

4 Bar jack (Carangoides 
ruber) 

11  Grouper (Epinephelus and 
Mycteroperca) 

6 

5 Gray snapper (Lutjanus 
griseus) 

4  Graysby (Cephalopholis 
cruentata) 

2 
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Table S3: Model results from the two components of the hurdle model. Bolded 
values represent significant highest order parameters (α < 0.05). Both com-
ponents included location, site, and transect as nested random effects.  

  Grazing Intensity Grazing Incidence 

Predictors Estimates std. Error p Log-Odds std. Error p 

Distance -0.40 0.09 <0.001 -1.12 0.20 <0.001 

PCA 1 -0.36 0.15 0.018 -0.70 0.60 0.245 

Predator abundance -0.45 0.14 0.002 -0.37 0.62 0.551 

Distance: PCA 1 -0.31 0.10 0.001 0.48 0.18 0.007 

Distance: Predator 
density 

   0.28 0.15 0.068 

Random Effects 
σ2 -0.02 3.29 
τ00 0.39 transect:(patch:location) 1.15 transect:(patch:location) 
 0.00 patch:location 3.26 patch:location 
 0.16 location 4.23 location 

Observations 188 400 
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Figure S1. Study sites in the Florida Keys National Marine Sanctuary. Two of the patch reefs 
are located in the Newfound Harbor Sanctuary Preservation Area, a no-take marine protected 
area implemented in 1997.  
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Figure S2. Study sites in the South Water Caye Marine Reserve (dashed boundary), Belize. 
All research was conducted out of the Carrie Bow Caye marine field station, operated by the 
Smithsonian Institution’s Museum of Natural History. Solid boundary represents the no-take 
conservation zone implemented in 2009.  
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Figure S3.  Coefficient estimates (mean ± SE) depicting main effects and interactions of 
distance from the reef edge, predator density, and parrotfish density, on the probability that 
herbivores grazed (grazing incidence) and the intensity of grazing (grazing intensity). 
Grazing was quantified using standardized Thalassia testudinum assays deployed along 
transects extending from the patch reef edge across the halo zone. This figure is included as a 
complement to Fig. 3 in text, to show the similarity in model results if only parrotfish, the 
dominant grazers on coral reefs, are included in the analysis. Results are based on a mixed 
effects hurdle model (see Methods for details). Filled coefficient estimates were significant 
(α < 0.05) and all predictor variables were scaled in order to compare effect sizes. Main 
effects are included for reference only despite significant higher order interactions.    
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Figure S4. Hurdle model predictions across all random effect levels fit to the grazing data 
from each patch reef in (A) the Florida Keys National Marine Sanctuary, USA and (B) the 
South Water Caye Marine Reserve, Belize. Solid lines represent individual transects at each 
reef, while dashed vertical lines represent the halo edge at each reef. Patch reefs are arranged 
in decreasing order of predator abundance in each location respectively. Predictions are based 
on the product of binomial generalized mixed effects and beta linear mixed effects models 
when other covariates (predator density and PCA 1) are held at their mean. Note that the x-
axis scale in panel b differs between patch reefs, as one halo edge was beyond 20 m.  
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Figure S5. Comparison of resource density, satellite reflectance, and grazing along the same 
three transects at one patch reef in Belize. Satellite reflectance and resource density are 
averaged across the three transects. Gray polygon represents the range of halo estimates, as 
determined by one trained, and three untrained observers, while the white line signifies the 
mean estimated halo. All transects started at the reef edge (0 m). Photographs display 
increases in resource density with distance. 
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Figure S6. Bivariate relationships between distance from the patch reef edge and (a) grazing 
pressure measured as the percent change in grazing assay area, (b) percent resource cover, 
and c) satellite reflectance in the green band. Resource cover was quantified as the percent 
cover of seagrass (Thalasia testudinum) or algae, as measured in 0.25 m2 quadrats. Data was 
averaged across transects at four patch reefs.   
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