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A B S T R A C T

The consumption of macroalgae by browsing fishes is viewed as a key process in coral reef ecosystems. However, 
the majority of studies on piscine browsing have been conducted in shallow reefs, limiting our understanding of 
this ecological process in Mesophotic Coral Ecosystems (MCEs: >30m). This study used Sargassum assays and 
remote underwater videos to examine differences in the rates and agents of macroalgal browsing across four 
depth bands (0–10m, 11–20m, 31–40m, 41–50m) in the Bolinao-Anda Reef Complex (BARC), Philippines. Assays 
deployed over 4 days revealed differences in macroalgal biomass loss among depth bands, with 2-fold higher 
macroalgal loss at the deepest depth band (41–50m; 24.0 g 4 d− 1) compared to shallower (0–40m) depth bands 
(18.6–20.0 g 4 d− 1). Video observations from shorter-term (3h) assays revealed that Naso unicornis and 
N. lituratus, were responsible for ~98 % of total bites on Sargassum assays across all depth bands. Bite rates for 
both species were consistently higher in the deepest (41–50m) depth band (N. unicornis: 23.1 bites 3 h− 1; 
N. lituratus: 84.9 bites 3 h− 1) compared to shallower (0–40m) depth bands (N. unicornis: 8.5–15.5 bites 3 h− 1; 
N. lituratus: 10.2–23.0 bites 3 h− 1). Further, browsing fishes were 38.5–61.4 % larger in the deeper (31–50m) 
compared to the shallower (0–20m) depth bands. Contrary to previous studies, results show that browsing 
increased with depth in the BARC and suggest that piscine herbivores may limit the accumulation of macroalgae 
biomass in upper MCEs in this reef system.

1. Introduction

Herbivorous fishes are an important trophic guild in coral reef eco
systems as they facilitate the transfer of energy from primary producers 
to higher trophic levels (Munsterman et al., 2021), reduce the standing 
biomass of algae (Bellwood et al., 2006; Burkepile and Hay, 2008), and 
thereby mediate competition for benthic space between corals and algae 
(Hughes et al., 2007; Edmunds, 2023). While benthic macroalgae is an 
important component of healthy coral reefs, increases in the cover 
and/or biomass of macroalgal assemblages are often viewed as a sign of 
degradation on shallow coral reef ecosystems (<30m; Hughes, 1994; 
Graham et al., 2015; Johns et al., 2018). In some locations, anthropo
genic stressors (e.g., overfishing, pollution, ocean-warming) have 
contributed to persistent increases in the cover of macroalgae in shallow 
reef habitats (Hughes, 1994; Cheal et al., 2010; Evensen et al., 2021). 

While the prevalence of such increases in macroalgae cover in shallow 
reefs is debated (Bruno et al., 2009), our understanding of macroalgae 
dynamics in deeper reef habitats is limited and warrants further exam
ination. Given the increasing frequency and intensity of global distur
bances to coral reefs (Hughes et al., 2017), understanding future 
herbivore-algae dynamics in coral reef habitats requires the examination 
of the rates and agents of macroalgal removal across broader depth 
ranges.

While the majority of reef fish herbivores feed on turfs (primarily 
filamentous algae and cyanobacteria), the removal of macroalgal 
biomass (i.e., macroalgal browsing) is a distinct process (Bellwood et al., 
2006; Hoey and Bellwood, 2009). A considerable body of research on 
macroalgal browsing has shown that a limited number of piscine her
bivores consume leathery brown macroalgae, such as Sargassum (Puk 
et al., 2016). Further, studies from different geographic locations 
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suggest that browsing is often restricted to a single species (e.g., Hoey 
and Bellwood, 2009; Plass-Johnson et al., 2015; Tebbett et al., 2020) 
suggesting there is limited redundancy in this process. Individual 
browser species have also been shown to consume different components 
of an alga (e.g., entire thallus vs blades only; Streit et al., 2015) or 
different algal taxa (Mantyka and Bellwood, 2007a, 2007b; Rasher et al., 
2013) further emphasizing the limited overlap among species. The de
livery of browsing also varies spatially, with differences in the rates of 
removal among biogeographic locations (Tebbett et al., 2020), across 
continental shelf positions (Hoey and Bellwood, 2010a), among reefs 
(Dell et al., 2020) and among reef zones (Loffler et al., 2015). Spatial 
patterns in browsing are therefore often linked to key gradients in biotic 
and abiotic factors as they influence the distribution and abundance of 
their benthic resources (Puk et al., 2016). However, majority of mac
roalgal browsing studies have focused on shallow (<10m depth) coral 
reef habitats (e.g., Fox and Bellwood, 2007; Michael et al., 2013) yet 
depth is a key abiotic gradient that governs many ecological patterns 
and processes on coral reefs (Goreau, 1959; Done, 1982, 1983). 
Although some studies have assessed changes in browsing along depth 
gradients, most are restricted to depths ≤40m (Hay, 1981, 1984; Lewis 
and Wainwright, 1985; Hoey and Bellwood, 2010b; but see Brokovich 
et al., 2010) limiting our understanding of browsing in deeper reef 
habitats.

Given that light and temperature decrease with depth in marine 
habitats, the productivity, and hence cover and abundance of photo
trophic organisms (including macroalgae) may be expected to decline. 
Studies to date have, however, shown that macroalgae generally in
creases with depth and is often the dominant benthic taxa in Mesophotic 
Coral Ecosystems (MCEs; 30–150m; Kahng et al., 2010; Kane and Tissot, 
2017; Spalding et al., 2019). Higher macroalgae cover at depth may be 
linked to the reported reduction in the abundance of piscine and 
invertebrate herbivores in MCEs compared to shallow reef ecosystems 
(Gilmartin, 1960; Van den Hoek et al., 1978; Liddell and Ohlhorst, 1988; 
Brokovich et al., 2010). Indeed, of the few studies that assessed 
depth-dependent patterns of browsing, most found the mass removed 
from macroalgae or seagrass assays decreased with increasing depth 
(Hay, 1981, 1984; Hoey and Bellwood, 2010b) and related these 
changes to reductions in the species richness, abundance, and/or 
biomass of herbivorous fishes with depth (Lewis and Wainwright, 1985; 
Brokovich et al., 2010; Lesser and Slattery, 2011). While these correla
tive studies suggest a relationship between the abundance or biomass of 
herbivorous fishes and the cover of macroalgae, studies from shallow 
reefs suggest that species richness, abundance, or biomass of herbivo
rous fish assemblages are not robust/strong predictors of browsing ac
tivities (Cvitanovic and Bellwood, 2009; Wismer et al., 2009). Moreover, 
none of these previous works along depth gradients have identified the 
species, size or abundance of browsers among depths.

The aim of this study was therefore to quantify rates of macroalgae 
browsing and identify the species and size of browsers responsible for 
removing macroalgal biomass across a 50m depth range (0–50m) in the 
Bolinao-Anda Reef Complex, Philippines. Specifically, differences in the 
rates of macroalgal removal and identification of the agents responsible 
across four depth bands (0–10m, 11–20m, 31–40m, 41–50m) were 
investigated.

2. Materials and methods

2.1. Study sites

The study was conducted in the Bolinao-Anda Reef Complex (BARC), 
northwestern Philippines. The BARC is a fringing reef ecosystem, with 
most reefs characterized by a narrow reef flat, a reef crest dominated by 
macroalgae and a reef slope down to 20m before transitioning to a 
relatively flat plateau at 40–50m dominated by sand. Scattered 
throughout the dimly lit (Fig. S1) and deep flat plateau are numerous 
large coral bommies (Fig. S2A and B) that support benthic and fish 

assemblages. Reconnaissance surveys by trimix divers from the Uni
versity of Philippines recorded encrusting and foliose coral taxa, crus
tose coralline algae, gorgonians, black corals, sponges, unicornfishes 
(Naso spp.), batfishes (Platax spp.) and groupers (Epinephelidae) on 
these bommies. Four sites were selected within the BARC: Balingasay, 
Arnedo, Lucero, and Silaki (max depths 40–60m), with adjacent sites 
separated by a minimum of ~3 km. All of the study sites were open to 
fishing as none fell within the boundaries of Marine Protected Areas 
(MPAs).

2.2. Macroalgal assays

To quantify variation in macroalgal removal among depth bands and 
sites within the BARC, a series of macroalga (Sargassum cf. crassifolium; 
hereafter referred to as Sargassum) assays were conducted. Sargassum 
was selected as it is a common macroalga in the BARC (Trono and 
Lluisma, 1990; Ortiz and Trono, 2000), is readily consumed by browsing 
fishes, and has been used extensively by previous studies (e.g., Hoey and 
Bellwood, 2010a, b; Chong-Seng et al., 2014). Individual thalli of 
Sargassum [initial mass: mean 38.7g ± 1.6g SEM; initial height: mean 
22.1 cm ± 0.4 cm SEM] were collected from El Pescador, located 3–6 km 
from the study sites (Fig. 1). Thalli were collected by hand at depths of 
2–5m using a chisel to remove the holdfast from the substratum. Thalli 
were transported to the Bolinao Marine Laboratory (BML), situated 1–2 
km away, stored in 50L rectangular containers with flow-through 
filtered seawater and aeration. All thalli were used within two days of 
collection, and any thalli displaying signs of senescence were not used.

Sargassum assays were prepared by spinning individual thallus in a 
salad spinner for 20 s to remove excess water, weighed, height 
measured, and tagged using Dymo plastic labels. A hole was made on the 
plastic labels and twist ties passed through, with this tag wrapped 
around the holdfast of each individual macroalga thallus. Two tagged 
thalli were attached to a 50 × 50 cm concrete block using twist ties. A 
total of 140 blocks were deployed, with 80 blocks at two sites (Arnedo, 
Lucero) that had 4 depth bands (0–10, 11–20, 31–40, 41–50m) and 60 
blocks at two sites (Balingasay, Silaki) that had 3 depth bands (0–10, 
11–20, 31–40m). Within each depth band and site, 10 blocks were 
deployed. For retrieval, blocks were secured to a rope and float (sub
surface ~3m) system of lengths ranging from 15 to 60m depending on 
the depth of assay deployment. On each block, one Sargassum thallus 
was enclosed within a wire cage (1 cm mesh size, 25 cm height, 15 cm 
width) to exclude piscine and urchin herbivores, while the other thallus 
was left exposed to local herbivore assemblages (Fig. S2C). Each of these 
paired caged and open Sargassum assays were deployed for 4d at each 
depth band per site. Assays were retrieved after 4d by recovering the 
subsurface float and passing the rope through a pulley system to haul the 
concrete block and assays to the surface. An assay duration of 4d was 
selected to ensure detectable reductions in macroalgal biomass (Hoey 
and Bellwood, 2010b). While caged Sargassum assays have been re
ported to increase in mass over 7-days on the Great Barrier Reef (Hoey 
and Bellwood, 2010b), there was no increase in the mass of caged 
Sargassum within any of the depth bands over 4 days in the present study 
(Table S1). Retrieved thalli (n = 103 caged assays, 115 open assays) 
were placed in individual plastic containers and were immediately 
transported back to the BML where they were re-spun in a salad spinner, 
reweighed, and their height remeasured. Twenty-five thalli in open 
treatments were missing (i.e., individual thallus and tags disappeared) 
and 37 cages were damaged during the 4d deployment and were dis
carded from any further analyses. Despite losing some assays, the min
imum replication was three Sargassum assays per depth band and site. 
Details on the number of algal assays per site and depth band are 
detailed in Table S2.

2.3. Video assays

To determine the species responsible for Sargassum browsing, a series 
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of remote underwater video assays were conducted using single camera 
systems. Each camera system consisted of a single GroPro Hero 8 action 
camera encased in an aluminum T-Housing mounted on a 60 × 30 cm 
steel frame, with a 0.75 cm “bait arm” mounted to the center of the steel 
frame, extending directly outward from the camera (Fig. S2D). A single 
uncaged Sargassum thallus was attached to the end of this bait arm. This 
single thallus was filmed for a duration of 3h between 8am and 4pm. 
Another arm of shorter length (0.50 cm) was affixed to the opposite end 
of the frame’s center and was situated behind the camera. To the end of 
this arm, a single Sargassum thallus was enclosed in a wire cage to 
exclude herbivores with cage dimensions as described above. The caged 
thallus was not filmed. Prior to the attachment of the two thalli to the 
camera system, Sargassum thalli were collected and prepared as 
described above. The camera systems were attached to a rope of varying 
lengths and were deployed and retrieved as described above. These 
baited video cameras were deployed at each depth band per site and 
replicated 3 times, with each replicate separated by ~100m within each 
site.

2.4. Video analysis

The entire 3h video recording was analyzed in a standard media 
player (VLC), where the species, size (total length, cm), relative abun
dance (MaxN) and number of bites taken by browsing fishes were 
recorded. All browsing fishes filmed were identified to species level 
irrespective if they fed on the assays. Browsers that fed on the assays had 
their number of bites recorded and their size estimated. Size was esti
mated using the software ImageJ (Scheider et al., 2012) with a pre
determined length (i.e., a portion of the steel frame) used as the 
reference to estimate each browser’s total length (tip of the snout to the 
tip of the caudal fin). ImageJ has been previously used to estimate sizes 
of reef organisms from still images (e.g., Koch et al., 2021; de Guzman 
et al., 2023). Only sizes of browsers that consumed macroalga were 
recorded due to their close proximity to the camera, and frame of 
reference for estimating length. Relative abundance of the entire 
browser assemblage was determined using MaxN, the total MaxN of all 
species in each video.

To quantify benthic assemblages, an image was taken from each 
individual camera drop per depth band (n = 3) and 25 random points 
overlaid on the image using Coral Point Count with excel extensions 

(CPCe; Kohler and Gill, 2006) software. The benthic taxa immediately 
underneath each point was categorized as coral, macroalgae, turf algae, 
dead coral, and sand. Macroalgae were categorized into functional 
groups (articulated calcareous, corticate terete, corticated foliose, 
crustose coralline algae, filamentous and leathery) based on Steneck and 
Deither (1994) and identified to genus (where possible).

2.5. Statistical analyses

All analysis were conducted in R version 4.3.2 (R Core Team, 2025), 
with data handling and plotting conducted in the suite of packages 
within tidyverse (Wickham et al., 2019). Fully reproducible code is 
available at https://github.com/tjrq/PH_Herb_Browsing.

All analysis used Bayesian Generalized Linear Mixed Effects Models 
(GLMMs) using the brms package (Burkner, 2017). Bayesian framework 
to model herbivory patterns across depth was used because it allowed 
flexibly in handling data challenges common in ecological field studies, 
including small sample sizes, zero-inflated counts, and hierarchical 
structure (e.g., transects nested within sites) (Krushcke et al., 2012). 
This approach allowed the quantification of uncertainty robustly 
through full posterior distributions, and estimate quantities of ecological 
interest (e.g., treatment effects, depth trends, and exceedance proba
bilities) even in data-limited contexts—which is often the case for 
studies and experiments conducted at mesophotic depths. Bayesian 
models also enabled the specification of weakly informative priors based 
on prior knowledge of the system and the empirical distribution of the 
raw data. Specifically, the means and variability were examined for each 
response variable across the dataset to guide reasonable bounds for each 
model. The suitability of the priors was assessed using prior predictive 
checks to confirm that they produced plausible data consistent with the 
ecological range of observed values. All models had depth bands (cat
egorical, 4 levels: 0–10m, 11–20m, 31–40m, 41–50m) as population 
level effects and sites (categorical, 4 levels: Arnedo, Balingasay, Lucero, 
Silaki) as group level effects. All models used weakly informative priors, 
with the package bayesplot (Gabry and Mahr, 2024) used to check chain 
diagnostics and functions adapted from the package DHARMa for model 
validation (Hartig, 2002). Pairwise post-hoc model contrasts were con
ducted using the package emmeans (Lenth, 2024) and tidybayes (Kay, 
2023). Median posterior probabilities ±95 % highest posterior density 
(HPD) were calculated from the model posterior, together with 

Fig. 1. Map of the study sites (red circles: Balingasay, Arnedo, Lucero, Silaki) and Sargassum collection site (blue triangle: El Pescador) in the Bolinao-Anda Reef 
Complex (BARC), Philippines. Number to the left of the site name indicate number of depth bands within a site. Inset on the top right shows the location of the BARC 
relative to the entire Philippine archipelago. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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exceedance probabilities. The exceedance probabilities reflect the 
probability that the posterior predictions from the Bayesian models 
exceed a meaningful threshold (P > 0.85), wherein exceeding the 
threshold was interpreted as evidence for an effect greater than 0 (i.e., 
an effect of the explanatory variable tested).

To examine differences in coral and macroalgae cover among depth 
bands, two separate models were fitted using a binomial distribution 
(link = logit). Differences in MaxN abundance and lengths of browsing 
fishes among depth bands were examined using a negative binomial 
(link = log) and hurdle lognormal (link = identity) models, respectively. 
To examine differences in the mass loss of macroalgae assays among 
depth bands and treatment (categorical: caged, open), hurdle lognormal 
(link = identity) models were used. Separate models were used for the 
macroalgal assays (4day deployment), and video assays (3h deploy
ment). Differences in the number of bites among depth bands for the two 
species accounting for the majority of bites recorded (98 % across all 
depth bands), Naso lituratus and N. unicornis, were modelled separately 
with a hurdle negative binomial (link = log).

3. Results

3.1. Macroalgal assays

After 4 days of deployment, there was strong evidence (P = 0.99) to 
suggest that macroalgal assays in open treatments lost more Sargassum 
mass compared to caged treatments, and weak evidence (P = 0.85) that 
there were differences in Sargassum loss among depth bands (Fig. 2). 
There was no evidence (P < 0.85) to suggest an interaction term be
tween treatment and depth band. In open treatments, the greatest 
Sargassum mass loss was recorded at 41–50m depth band (24.0 g 4 d− 1: 
95 % HPD 13.2–40.1 g 4d − 1) compared to 0–10m (18.6 g 4 d− 1: 95 % 
HPD 12.7–25.3 g 4d − 1), 11–20m (18.7 g 4 d− 1: 95 % HPD 12.4–26.3 g 4 
d− 1) and 31–40m depth bands (20.0 g 4 d− 1: 95 % HPD 12.9–28.7 g 4 
d− 1).

3.2. Macroalgae and coral cover

There was strong evidence that coral (P = 0.99) and macroalgae (P =
1) cover varied among depth bands (Fig. 3). Median coral cover ranged 
from 0.5 to 8.3 % among depth bands, and was lower at the deeper 

(31–40m: 0.8 %, 95 % HPD 0.0–2.8 %; 41–50m: 0.5 %, 95 % HPD 
0.0–3.0 %) compared to the shallower depth bands (0–10m: 8.5 %, 95 % 
HPD 1.8–18.5 %; 11–20m: 7.8 %, 95 % HPD 1.2–15.9 %; Fig. 3A).

Median macroalgae cover ranged from 11.9 to 40.8 % among depth 
bands, with the lowest macroalgae cover at 31–40m (11.9 %, 95 % HPD 
0.7–30.8 %), intermediate cover at 11–20m (23.1 %, 95 % HPD 
3.1–52.2 %) and 41–50m (22.6 %, 95 % HPD 1.8–51.3 %), and highest 
cover at 0–10m (40.8 %, 95 % HPD 11.1–74.4 %) depth bands (Fig. 3B). 
Macroalgal assemblages were dominated by corticated foliose algae (e. 
g., Dictyota) that accounted for 34.9 % of all macroalgae recorded 
(Fig. S3).

3.3. Browsing fish assemblages

Nine browsing fish species from the Acanthuridae (Naso brachycen
tron, N. lituratus, N. unicornis), Balistidae (Melichthys vidua), Epphipidae 
(Platax teira), Kyphosidae (Kyphosus vaigiensis), and Siganidae (Siganus 
argenteus, S. doliatus, S. javus) were recorded in the field of view during 
the remote underwater macroalgal video assays in the BARC (Fig. S4). 
Seven of the nine species were recorded within the 0–10m depth band 
(all except P. teira and S. doliatus), while four species (N. lituratus, 
N. unicornis, P. teira, S. doliatus) were recorded at the 11–20 and 31–40m 
depth bands. Only two species (N. lituratus and N. unicornis) were 
recorded at the deepest (41–50m) depth band, and across all depth 
bands.

There was strong evidence (P = 1) for differences in the relative 
abundance (MaxN) of browsers among depth bands (Fig. 4A). Relative 
abundance was greater in the 0–10m depth band (1.1 MaxN, 95 % HPD 
0.7-1.6 MaxN) than the other three depth bands (11–20m: 0.3 MaxN, 95 
% HPD 0.2–0.5 MaxN; 31–40m: 0.4 MaxN, 95 % HPD 0.2–0.7 MaxN; 
41–50m: 0.4 MaxN, 95 % HPD 0.2–0.6 MaxN; Fig. 4A). There was no 
evidence (P < 0.85) to suggest differences in relative abundance be
tween 11-20, 31–40, and 41–50m depth bands.

Fig. 2. Differences in Sargassum mass loss (grams) among depth bands and 
treatments (caged vs open) at the Bolinao-Anda Reef Complex (BARC) after 4 
days of deployment. Marginal posterior predictions of the Sargassum mass loss, 
with points representing the median and lines representing the 95 % upper and 
lower credible intervals. Numbers above the points indicate the number of 
macroalgal assays among treatments and depth bands. Macroalgae image was 
sourced from the Integration and Application Network (https://ian.umces.edu/ 
media-library/).

Fig. 3. Differences in benthic cover among depth bands in the Bolinao-Anda 
Reef Complex (BARC). Marginal posterior predictions of percentage cover 
among depth bands for (A) coral and (B) macroalgae. Points represent the 
median, with the 95 % upper and lower credible intervals represented by the 
lines. Numbers above the points represent the number of video assays among 
depth bands. Coral and macroalgae images were sourced from the Integration 
and Application Network (https://ian.umces.edu/media-library/).
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There was strong evidence (P = 1) for differences in the total length 
of browsers among depth bands, with browsers being 38.5–61.4 % 
larger in deeper depth bands (31–40m: 24.3 cm, 95 % HPD 16.4–33.7 
cm; 41–50m: 29.6 cm, 95 % HPD 18.9–39.6 cm) compared to the 
shallower depth bands (0–10m: 18.2 cm, 95 % HPD 12.4–24.8 cm; 
11–20m: 11.4 cm, 95 % HPD 6.5–17.2 cm; Fig. 4B).

3.4. Video assays

There was weak evidence (P = 0.87) for an interaction between 
depth band and treatment in the reduction in macroalgae biomass from 
the 3-h video assays (Fig. 5A). Pairwise contrasts suggested that there 
was strong evidence (P = 0.97) for greater reduction in Sargassum 
biomass in open compared to caged treatments at the 41–50m depth 
band (open: 7.5 g 3 h− 1, 95 % HPD 3.3–13.9 g 3 h− 1; caged: 4.3 g 3 h− 1, 
95 % HPD 2.1–7.4 g 3 h− 1) and 0–10m (open: 5.4 g 3 h− 1, 95 % HPD 
2.9–8.4 g 3 h− 1; caged: 4.1 g 3 h− 1, 95 % HPD 2.2–6.3 g 3 h− 1; Fig. 5a). 
In contrast, there was no evidence (P < 0.85) to suggest differences in 
the loss of Sargassum biomass between caged and open treatments in 
11–20 and 31–40m depth bands.

A total of 4,648 bites from six species (Melichthys vidua, Naso litur
atus, N. unicornis, Siganus argenteus, S. doliatus, S. javus) were recorded 
on the Sargassum assays across depth bands. The majority (~98 %) of 
bites were taken by two species of unicornfish (Naso lituratus and 
N. unicornis), with both species taking the greatest number of bites on 
Sargassum assays within the 41–50m depth band (Fig. 5B and C; Video 
S1-2). There was strong evidence (P = 0.95) for differences in median 
number of bites for N. lituratus among depth bands with the greatest 
number of bites recorded within the 41–50m (84.9 bites 3 h− 1, 95 % 
HPD 4.8–235.5 bites 3 h− 1) compared to the two shallowest depth bands 
(0–10m: 23.0 bites 3 h− 1, 95 % HPD 2.0–46.9 bites 3 h− 1; 11–20m: 10.2 
bites 3 h− 1, 95% HPD 0.2–74.8 bites 3 h− 1; Fig. 5B). For N. unicornis, 
there was weak evidence (P = 0.88) for differences in the median 

number of bites among depth bands with a higher number of bites 
recorded within the 41–50m (23.2 bites 3 h− 1, 95 % HPD 0.0–70.2 bites 
3 h− 1) and 0–10m depth bands (15.5 bites 3 h− 1, 95% HPD 0.0–54.8 
bites 3 h− 1) than the 31–40m depth band (8.5 bites 3 h− 1, 95 % HPD 
0.0–32.6 bites 3 h− 1; Fig. 5C).

4. Discussion

In contrast to previous studies that have reported the removal of 
marine macrophytes (seagrass and macroalgae) generally decreases 
with depth (e.g., Hay, 1981; Fox and Bellwood, 2007; Hoey and Bell
wood, 2010b; Brokovich et al., 2010), the results of this study showed 
that removal of the macroalga Sargassum was generally lowest in 
shallow reef habitats (0–20m) and greatest at the deepest depth exam
ined (41–50m) in the BARC. Video observations revealed that Sargassum 
removal was dominated by two species of unicornfish (Naso unicornis 
and N. lituratus), that accounted for ~98 % of all bites across depths. 
This is consistent with studies of other Indo-Pacific reefs that have re
ported browsing on Sargassum assays to be dominated by one or both of 
these species (e.g., Hoey and Bellwood, 2009; Verges et al., 2012; 
Michael et al., 2013; Rasher et al., 2013). The higher removal of 
Sargassum biomass at depth did not reflect the relative abundance of 
browsers among depths, and rather appears to be related to the higher 
bite rates of N. lituratus and N. unicornis, and/or the larger size of indi
vidual browsers within the 41–50m depth band. Larger fishes are able to 
remove more algal material per bite (e.g., Bellwood et al., 2006), and 

Fig. 4. Differences in relative abundance and body length of browsing fishes at 
the Bolinao-Anda Reef Complex (BARC). Marginal posterior predictions of (A) 
abundance in MaxN and (B) total length in cm of browsing fishes among depth 
bands. Points represent the median, with the 95 % upper and lower credible 
intervals represented by the lines. Numbers above the points represent the 
number of video assays among depth bands. Fish images were sourced from the 
Integration and Application Network (https://ian.umces.edu/media-library/).

Fig. 5. Differences in (A) Sargassum mass loss (grams 3 h− 1) and number of 
bites taken from macroalgal video assays for (B) Naso lituratus and (C) Naso 
unicornis among depth bands at the Bolinao-Anda Reef Complex (BARC). 
Marginal posterior predictions of the Sargassum mass loss or number of bites 
among depths, with points representing the median and lines representing the 
95 % upper and lower credible intervals. Numbers above the points represent 
the number of video assays among depth bands. Macroalgae and fish images 
were sourced from the Integration and Application Network (https://ian.umces. 
edu/media-library/).
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may have morphological traits that allow them to bite and ingest 
different components of individual macroalga (Streit et al., 2015). 
Alternatively, differences in predation risk (Rizzari et al., 2014; Bauman 
et al., 2019, 2021), or the relative palatability of the Sargassum assays 
(collected from shallow habitats) compared to the local algal assem
blages (e.g., Hoey and Bellwood, 2010a) at each depth may have 
contributed to the greater reduction in macroalgal biomass in the deeper 
habitats.

The two unicornfish species, N. unicornis and N. lituratus, that 
dominated feeding on the Sargassum assays in the present study possess 
morphological and physiological traits that enable the breakdown, 
digestion, and extraction of nutrients from leathery phaeophytes, such 
as Sargassum (Choat and Clements, 1998; Choat et al., 2004). Both 
species are important agents of macroalgae removal, with reports of 
these species dominating removal of foliose and leathery phaeophytes in 
shallow Indo-Pacific reefs (e.g., Hoey and Bellwood, 2009; Hoey, 2010; 
Rasher et al., 2013; Michael et al., 2013), however they have not been 
reported to feed on Sargassum at depths >10m. For example, at Lizard 
Island on the northern Great Barrier Reef, N. unicornis was recorded to 
dominate browsing on Sargassum assays at depths of 2 – 3m on the reef 
crest, but had negligible feeding at depths of 12–24m on the adjacent 
reef slope (Hoey and Bellwood, 2009, 2010a). N. unicornis and 
N. lituratus have wide depth distributions, reaching 180 and 90m 
respectively (Froese and Pauly, 2025), suggesting that they are able to 
traverse deeper depth strata to access feeding resources. Two other 
browser species (Platax teira, Siganus doliatus) were recorded at MCE 
depth bands (i.e., 31–40m) and have been reported to be important 
contributors of Sargassum removal in shallow reefs (Bellwood et al., 
2006; Fox and Bellwood, 2007) but took no to a few bites from the 
Sargassum assays (0 and 33 bites, respectively) in the present study. 
While S. doliatus (and its sister taxon S. virgatus) have been frequently 
reported to take bites from Sargassum assays (e.g., Streit et al., 2015; 
Muller et al., 2021), relatively small reductions in Sargassum biomass 
have led to suggestions they may be targeting epiphytes rather than the 
Sargassum itself (Fox and Bellwood, 2007; Clements, 2025). This is 
supported by studies of stomach contents that have shown they ingest 
high proportions of foliose, membranous and corticated algae, as 
opposed to leathery macroalgae such as Sargassum (Hoey et al., 2013; 
Zarco-Perello et al., 2024). Although batfish (Platax pinnatus) were re
ported to be the dominant browser of Sargassum following an 
experimentally-induced phase shift on the Great Barrier Reef (Bellwood 
et al., 2006), it is rarely observed feeding on Sargassum assays (Puk et al., 
2016), and species within the genus Platax are generally considered to 
be omnivorous (Randall et al., 1997).

While the relative abundance of browsing fishes was greatest in the 
shallowest depth band (0–10m), the greater macroalgal removal within 
the deepest depth band (41–50m) coincided with larger-bodied 
browsers. Browsers in the 41–50m depth band were on average ca. 
40–60 % longer (total length) than those within the shallowest (0–10m) 
depth band. As gape size is directly related to body size (Karpouzi and 
Stergiou, 2003; Duncic and Baum, 2017), these larger individuals may 
be able to remove a greater biomass of macroalgae per bite than smaller 
conspecifics. Indeed, several studies using macroalgal assays have used 
mass-standardised bites (number of bites x the biomass of individual 
fish) to account for body size related differences in bite volumes (e.g., 
Bellwood et al., 2006; Hoey and Bellwood, 2009; Bauman et al., 2021). 
Moreover, it has been suggested that the musculature and bite forces of 
larger bodied browser species (e.g., N. unicornis, Kyphosus vaigiensis), 
together with their larger gapes, may enable them to remove greater 
volumes of macroalgae and target different components of the macro
algae (e.g., primary axes) compared to smaller bodied browsers species 
(e.g., Siganus spp.; Streit et al., 2015). It should be noted, however, that 
the reduction in Sargassum biomass did not differ between the 11–20m 
and 31–40m depth bands, despite browsing fishes being larger at 
31–40m than 11–20m, and both depth bands having similar abundances 
of browsing fishes. This apparent anomaly may have been related to the 

greater abundance of predators within the 31–40m depth band (Fig. S5) 
which may have reduced feeding by browsing fishes in this depth band 
due to the higher predation risk (Rizzari et al., 2014; Catano et al., 
2016).

The pattern of increasing body size of browsers with depth in the 
present study is counter to previous studies (e.g., Brokovich et al., 2010; 
Stefanoudis et al., 2019), and may reflect a response to local fishing 
pressure (e.g., Lindfield et al., 2014, 2016). Reef-associated fishes 
(including herbivorous fishes) account for half of the fisheries landings 
within the Philippines (Muallil et al., 2014), with fishing particularly 
intense within the BARC. The BARC is considered a heavily disturbed 
coral reef ecosystem, with intensive fishing using hook-and-line, gill nets 
and spearfishing on hookah being widespread throughout the region 
(McManus et al., 1997). During the course of this study, artisanal fishers 
were regularly observed at the study sites, particularly fishing at shal
lower depths of 10–20m. Decades of fishing pressure have been linked to 
the low biomass of reef fishes (Nanola et al., 2011; Go et al., 2015) and 
herbivorous reef fishes (Quimpo et al., 2019) in shallow reefs at the 
BARC. The larger body size of browsers within the 41–50m depth band 
in the present study suggest these deeper habitats may offer a refuge 
from the intense fishing pressure in shallow reef habitats (Lindfield 
et al., 2014, 2016; Pinheiro et al., 2016).

Differences in predation risk and/or the relative palatability of the 
assays could also have driven the observed browsing patterns with 
depth. Numerous studies have shown that predation risk can influence 
the rates of browsing in the presence of predator models (Rizzari et al., 
2014; Bauman et al., 2019, 2021) and with spatial or temporal differ
ences in predator abundances (Madin et al., 2011; Downie et al., 2013; 
Rasher et al., 2017). Given the intensive fishing pressure within the 
BARC, particularly in shallow reef habitats, it may be expected that the 
abundance of piscivorous fishes and hence predation risk may be 
greatest in deeper habitats. Indeed, greater predator abundances were 
recorded in the deeper depth bands in the present study (Fig. S5) and 
supports other studies in the Philippines (Quimpo et al., 2018; Salvador 
et al., 2023) and in other locations with similarly high fishing pressure in 
shallow habitats (Guam: Lindfield et al., 2016; Curacao: Pinheiro et al., 
2016). While the abundance of predators in the BARC was greater in 
MCE depth bands, the larger lengths, particularly for N. unicornis (max 
length twice as large as N. lituratus; Froese and Pauly, 2025) at the 
deeper depth bands (>30m) perhaps minimized predation risk (Mitchell 
and Harborne, 2020). Alternatively, differences in browsing among 
depth bands in the present study may be related to the abundance and 
relative palatability of alternative algae resources among depths (Hoey 
and Bellwood, 2010a; Chong-Seng et al., 2014). Macroalgae cover at the 
BARC at the time of our study was indeed higher within the 0–10m 
depth band (40.8 %) when compared to the MCE depth bands of 30–40 
and 41–50m (11.9 % and 22.6 %, respectively). Further, a previous 
study from shallow reefs in the BARC reported extensive (~300 m2 area) 
Sargassum beds at depths of ~8m (Trono and Tolentino, 1993). The 
greater cover of macroalgae in the shallowest depth band may have 
reduced the relative attractiveness of the Sargassum assays to piscine 
browsers (Hoey and Bellwood, 2010a). In contrast, in the deepest depth 
band, crustose coralline algae and Dictyota were commonly observed, 
and are either not consumed (Mantyka and Bellwood, 2007b) or 
consumed at a lower rate compared to Sargassum (Rasher et al., 2013) by 
browsing herbivores.

The loss of Sargassum biomass in this study (1.1–4.6 g h− 1) were 
considerably lower compared to rates in areas with intact herbivorous 
fish populations (e.g., Australia: 2–100 g h− 1; Hoey and Bellwood, 2011; 
Michael et al., 2013). However, rates of Sargassum mass loss in the 
present study were comparable to similarly disturbed ecosystems like 
the highly urbanized shallow reefs of Singapore (0.4–4.2 g h− 1; Bauman 
et al., 2017) and the fished shallow reefs of Seychelles (0.3–10 g h− 1; 
Chong-Seng et al., 2014). The low rates of Sargassum removal within the 
BARC, particularly at the shallower depth bands, indicate that browsing 
by fishes may play a limited role in the transfer of energy from 
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macroalgae to higher trophic levels.
While this study may be the first to record browsing in MCEs through 

video recordings, there are two caveats worth noting. Firstly, the greater 
reduction in Sargassum biomass in the deeper depth bands may be 
attributed to handling loss due to the method of retrieval or water 
currents. However, the video observations of the 3h assays suggest these 
reductions in biomass were likely due to feeding by large Naso unicornis 
and N. lituratus, rather than losses due to handling. Secondly, despite the 
low sample size (n = 3) which was related to logistical constraints, 
detectable differences in both the reduction in Sargassum biomass and 
the number of bites by browsing fishes among depth bands were 
observed.

The higher browsing of Sargassum with increasing depth within the 
BARC is counter to previous studies (e.g., Hoey and Bellwood, 2009, 
2010b; Brokovich et al., 2010), and likely reflects the intense fishing 
pressure in this region. Numerous studies have reported that browsing is 
often dominated by one or two species (e.g., Hoey and Bellwood, 2009; 
Plass-Johnson et al., 2015; Tebbett et al., 2020), and as such may be 
sensitive to reductions in the abundance of these species (i.e., limited 
functional redundancy). Indeed, the apparent dominance of feeding on 
Sargassum assays by two species of unicornfish (Naso unicornis and 
N. lituratus) that are also fishery-targeted species in the present study 
support the findings of previous studies from shallow reef habitats (e.g., 
Hoey and Bellwood, 2009; Hoey, 2010; Rasher et al., 2013; Michael 
et al., 2013) and highlight the potential role of these species may extend 
into deeper habitats. The greater body size of fishery-targeted browsers 
within the deeper depth bands in the BARC is consistent with the 
depth-refuge hypothesis (Bongaerts and Smith, 2019). While 
larger-bodied fishes have greater reproductive output and hence 
contribution to population replenishment than smaller-bodied conspe
cifics (Barneche et al., 2018), whether these individuals in MCEs 
contribute to the replenishment of herbivore populations in shallow 
reefs is unknown. The capacity of fishes in MCEs to replenish shallow 
reef populations will depend on a range of factors, including connec
tivity, hydrodynamics, and life history traits (Sponaugle and Cowen, 
2019). Given that many reef fishes can potentially utilize deeper depths 
including MCEs, examining the ecology (including herbivory) of these 
deeper ecosystems will provide a more comprehensive understanding on 
how depth structures the distribution and functions of reef fishes.

CRediT authorship contribution statement

Timothy Joseph R. Quimpo: Writing – review & editing, Writing – 
original draft, Visualization, Investigation, Formal analysis, Data cura
tion, Conceptualization. Gemma F. Galbraith: Writing – review & 
editing, Validation, Supervision. Jeremiah Noelle C. Requilme: 
Writing – review & editing, Investigation, Data curation. Brian B. 
Valencia: Writing – review & editing, Investigation, Data curation. 
Patrick C. Cabaitan: Writing – review & editing, Supervision, Investi
gation, Funding acquisition. Andrew S. Hoey: Writing – review & 
editing, Supervision, Funding acquisition, Conceptualization.

Funding

This research was supported by the ARC Centre of Excellence for 
Coral Reef Studies (ASH) and the Mesophotic Coral Ecosystem project of 
the Department of Science and Technology Philippine Council for 
Agriculture, Aquatic, and Natural Resources Research and Development 
(PCC). Financial assistance was provided by the James Cook University 
Postgraduate Research Scholarship (TJRQ).

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank the laboratory assistants Jerry Arboleda, Robert Valen
zuela, Alvin Ponce, Nardo Camero, Albert Ponce, Renato Uriarte, and 
staff of the University of the Philippines Bolinao Marine Laboratory for 
their assistance in the field preparation and/or field experiments. We 
thank two anonymous reviewers and the handling editor for providing 
us with thoughtful and constructive feedback that greatly improved the 
manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marenvres.2025.107539.

Data availability

Data and reproducible R codes are available at https://github. 
com/tjrq/PH_Herb_Browsing.

References

Barneche, D.R., Robertson, D.R., White, C.R., Marshall, D.J., 2018. Fish reproductive- 
energy output increases disproportionately with body size. Science 360, 642–645. 
https://doi.org/10.1126/science.aao6868.

Bauman, A.G., Hoey, A.S., Dunshea, G., Feary, D.A., Low, J., Todd, P.A., 2017. 
Macroalgal browsing on a heavily degraded, urbanized equatorial reef system. Sci. 
Rep. 7, 8352. https://doi.org/10.1038/s41598-017-08873-3.

Bauman, A.G., Hoey, A.S., Dunshea, G., Fong, J., Chan, I.Z.W., Todd, P.A., 2021. Fear 
effects and group size interact to shape herbivory on coral reefs. Funct. Ecol. 35, 
1985–1997. https://doi.org/10.1111/1365-2435.13867.

Bauman, A.G., Seah, K.C., Januchowski-Hartley, F.A., Hoey, A.S., Fong, J., Todd, P.A., 
2019. Fear effects associated with predator presence and habitat structure interact to 
alter herbivory on coral reefs. Biol. Lett. 15, 20190409.

Bellwood, D.R., Hughes, T.P., Hoey, A.S., 2006. Sleeping functional group drives coral- 
reef recovery. Curr. Biol. 16, 2434–2439. https://doi.org/10.1016/j. 
cub.2006.10.030.

Bongaerts, P., Smith, T.B., 2019. Beyond the “Deep Reef Refuge” hypothesis: a 
conceptual framework to characterize persistence at depth. In: Loya, Y., Puglise, K., 
Bridge, T. (Eds.), Mesophotic Coral Ecosystems, Coral Reefs of the World, vol. 12. 
Springer, Cham. https://doi.org/10.1007/978-3-319-92735-0_45. 

Brokovich, E., Ayalon, I., Einbinder, S., Segev, N., Shaked, Y., Genin, A., Kark, S., 
Kiflawi, M., 2010. Grazing pressure on coral reefs decreases across a wide depth 
gradient in the gulf of Aqaba, Red Sea. Mar. Ecol. Prog. Ser. 399, 69–80. https://doi. 
org/10.3354/meps08354.

Bruno, J.F., Sweatman, H., Precht, W.F., Selig, E.R., Schutte, V.G.W., 2009. Assessing 
evidence of phase shifts from coral to macroalgal dominance on coral reefs. Ecology 
90 (6), 1478–1484. https://doi.org/10.1890/08-1781.1.

Burkepile, D.E., Hay, M.E., 2008. Herbivore species richness and feeding 
complementarity affect community structure and function on a coral reef. Proc. Natl. 
Acad. Sci. USA 105 (42), 16201–16206. https://doi.org/10.1073/pnas.0801946105.

Burkner, P.-C., 2017. brms: an R package for Bayesian multilevel models using stan. 
J. Stat. Software 80, 1–28. https://doi.org/10.18637/jss.v080.i01.

Catano, L.B., Rojas, M.C., Malossi, R.J., Peters, J.R., Heithaus, M.R., Fourqurean, J.W., 
Burkepile, D.E., 2016. Reefscapes of fear: predation risk and reef hetero-geneity 
interact to shape herbivore foraging behaviour. J. Anim. Ecol. 85 (1), 146–156. 
https://doi.org/10.1111/1365-2656.12440.

Cheal, A.J., MacNeil, M., Cripps, E., Emslie, M.J., Jonker, M., Schaffelke, B., 
Sweatman, H., 2010. Coral-macroalgal phase shifts or reef resilience: links with 
diversity and functional roles of herbivorous fishes on the great barrier reef. Coral 
Reefs 29, 1005–1015. https://doi.org/10.1007/s00338-010-0661-y.

Choat, J.H., Clements, K.D., 1998. Vertebrate herbivores in marine and terrestrial 
environments: a nutritional ecology perspective. Annu. Rev. Ecol. Systemat. 29, 
375–403. https://doi.org/10.1146/annurev.ecolsys.29.1.375.

Choat, J.H., Robbins, W.D., Clements, K.D., 2004. The trophic status of herbivorous 
fishes on coral reefs. Mar. Biol. 145, 445–454. https://doi.org/10.1146/annurev. 
ecolsys.29.1.375.

Chong-Seng, K.M., Nash, K.L., Bellwood, D.R., Graham, N.A.J., 2014. Macroalgal 
herbivory on recovering versus degrading coral reefs. Coral Reefs 33, 409–419. 
https://doi.org/10.1007/s00338-014-1134-5.

Clements, K.D., 2025. Nutritional ecology of rabbitfish (Siganidae). In: Biology of 
Rabbitfishes (Hoey AS, Taylor BM). CRC Press, Boca Raton, pp. 62–92.

Cvitanovic, C., Bellwood, D.R., 2009. Local variation in herbivore feeding activity on an 
inshore reef of the great barrier reef. Coral Reefs 28, 127–133. https://doi.org/ 
10.1007/s00338-008-0433-0.

de Guzman, I.J.A., Cabaitan, P.C., Hoeksema, B.W., Sayco, S.L.G., Conaco, C., 2023. 
Variation in epibiont communities among restrocked giant clam species (Cardiidae: 
Tridacninae) and across different habitat types. Mar. Biodivers. 53, 51. https://doi. 
org/10.1007/s12526-023-01363-y.

T.J.R. Quimpo et al.                                                                                                                                                                                                                            Marine Environmental Research 212 (2025) 107539 

7 

https://doi.org/10.1016/j.marenvres.2025.107539
https://doi.org/10.1016/j.marenvres.2025.107539
https://github.com/tjrq/PH_Herb_Browsing
https://github.com/tjrq/PH_Herb_Browsing
https://doi.org/10.1126/science.aao6868
https://doi.org/10.1038/s41598-017-08873-3
https://doi.org/10.1111/1365-2435.13867
http://refhub.elsevier.com/S0141-1136(25)00596-3/sref4
http://refhub.elsevier.com/S0141-1136(25)00596-3/sref4
http://refhub.elsevier.com/S0141-1136(25)00596-3/sref4
https://doi.org/10.1016/j.cub.2006.10.030
https://doi.org/10.1016/j.cub.2006.10.030
https://doi.org/10.1007/978-3-319-92735-0_45
https://doi.org/10.3354/meps08354
https://doi.org/10.3354/meps08354
https://doi.org/10.1890/08-1781.1
https://doi.org/10.1073/pnas.0801946105
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1111/1365-2656.12440
https://doi.org/10.1007/s00338-010-0661-y
https://doi.org/10.1146/annurev.ecolsys.29.1.375
https://doi.org/10.1146/annurev.ecolsys.29.1.375
https://doi.org/10.1146/annurev.ecolsys.29.1.375
https://doi.org/10.1007/s00338-014-1134-5
http://refhub.elsevier.com/S0141-1136(25)00596-3/sref16
http://refhub.elsevier.com/S0141-1136(25)00596-3/sref16
https://doi.org/10.1007/s00338-008-0433-0
https://doi.org/10.1007/s00338-008-0433-0
https://doi.org/10.1007/s12526-023-01363-y
https://doi.org/10.1007/s12526-023-01363-y


Dell, C.L.A., Longo, G.O., Burkepile, D.E., Manfrino, C., 2020. Few herbivore species 
consume dominant macroalgae on a Caribbean coral reef. Front. Mar. Sci. 7, 676. 
https://doi.org/10.3389/fmars.2020.00676.

Done, T.J., 1982. Patterns in the distribution of coral communities across the central 
great barrier reef. Coral Reefs 1, 95–107.

Done, T.J., 1983. Coral Zonation, its Nature and Significance: Perspectives on Coral 
reefs-pages. Australian Institute of Marine Science (AIMS), pp. 107–147.

Downie, R.A., Babcock, R.C., Thompson, D.P., Vanderklift, M.A., 2013. Density of 
herbivorous fish and intensity of herbivory are influenced by proximity to coral 
reefs. Mar. Ecol. Prog. Ser. 482, 217–225. https://doi.org/10.3354/meps10250.

Duncic, J.C., Baum, J.K., 2017. Size structuring and allometric scaling relationships in 
coral reef fishes. J. Anim. Ecol. 86, 577–589. https://doi.org/10.11111/1365- 
2656.12637.

Edmunds, P.J., 2023. Coral recruitment: patterns and processes determining the 
dynamics of coral populations. Biol. Rev. 98 (6), 1862–1886. https://doi.org/ 
10.1111/brv.12987.

Evensen, N.R., Vanwonteghem, I., Dorpoulos, C., Gouezo, M., Botte, E.S., Webster, N.S., 
Mumby, P.J., 2021. Benthic micro- and macro-community succession and coral 
recruitment under overfishing and nutrient enrichment. Ecology 102, e03536. 
https://doi.org/10.1002/ecy.3536.

Fox, R.J., Bellwood, D.R., 2007. Quantifying herbivory across a coral reef depth gradient. 
Mar. Ecol. Prog. Ser. 339, 49–59. https://doi.org/10.3354/meps339049.

Froese, R., Pauly, D., 2025. FishBase. World wide web electronic publication. www.fis 
hbase.org.

Gabry, J., Mahr, T., 2024. Bayesplot: plotting for bayesian models. R package version 
1.11.1. https://mc-stan.org/bayesplot/.

Gilmartin, M., 1960. The ecological distribution of the deep water algae of eniwetok 
atoll. Ecology 41 (1), 210–221. https://doi.org/10.2307/1931955.

Go, K., Anticamara, J., de Ramos, J., Gabona, S., Agao, D., Hererra, E., Bitara, A., 2015. 
Species richness and abundance of non-cryptic fish species in the Philippines: a 
global center of reef fish diversity. Biodivers. Conserv. 24, 2475–2495. https://doi. 
org/10.1007/s10531-015-0938-0.

Goreau, T.F., 1959. The ecology of Jamaican coral reefs I. Species composition and 
zonation. Ecology 40, 67–90.

Graham, N.A., Jennings, S., MacNeil, M.A., Mouillot, D., Wilson, S.K., 2015. Predicting 
climate-driven regime shifts versus rebound potential in coral reefs. Nature 518 
(7537), 94–97. https://doi.org/10.1038/nature14140.

Hartig, F., 2002. DHARMa: residual diagnostics for hierarchical multi-level mixed 
regression models. R package version 0.4.6. https://CRAN.R-project.org/pcka 
ge=DHARMa.

Hay, M.E., 1981. Spatial patterns of grazing intensity on Caribbean barrier reef: 
herbivory and algal distribution. Aquat. Bot. 11, 97–109. https://doi.org/10.1016/ 
0304-3770(81)90051-6.

Hay, M.E., 1984. Predictable spatial escapes from herbivory: how do these affect the 
evolution of herbivore resistance in tropical communities? Oecologia 64, 396–407. 
https://doi.org/10.1007/BF00379139.

Hoey, A.S., 2010. Size matters: macroalgal height influences the feeding response of 
coral reef herbivores. Mar. Ecol. Prog. Ser. 411, 299–302. https://doi.org/10.3354/ 
meps08660.

Hoey, A.S., Bellwood, D.R., 2009. Limited functional redundancy in a high diversity 
system: single species dominates key ecological process on coral reefs. Ecosystems 
12, 1316–1328. https://doi.org/10.1007/s10021-009-9291-z.

Hoey, A.S., Bellwood, D.R., 2010a. Cross-shelf variation in browsing intensity on the 
great Barrer Reef. Coral Reefs 29, 499–508. https://doi.org/10.1007/s00338-010- 
0605-6.

Hoey, A.S., Bellwood, D.R., 2010b. Among-habitat variation in herbivory on sargassum 
spp on a mid-shelf reef in the northern great Barrier Reef. Mar. Biol. 157, 189–200. 
https://doi.org/10.1007/s00227-009-1309-8.

Hoey, A.S., Bellwood, D.R., 2011. Suppression of herbivory by macroalgal density: a 
critical feedback on coral reefs? Ecol. Lett. 14, 267–273. https://doi.org/10.1111/ 
j.1461-0248.2010.01581.x.

Hoey, A.S., Brandl, S.J., Bellwood, D.R., 2013. Diet and cross-shelf distribution of 
rabbitfishes (f. Siganidae) on the northern great Barrier Reef: implications for 
ecosystem function. Coral Reefs 32, 973–984. https://doi.org/10.1007/s00338-013- 
1043-z.

Hughes, T.P., 1994. Catastrophes, phase shifts, and large-scale degradation of a 
Caribbean coral reef. Science 265 (5178), 1547–1551. https://doi.org/10.1126/ 
science.265.5178.154.

Hughes, T.P., Kerry, J.T., Alvarez-Noriega, M., Alvarez-Romero, J.G., Anderson, K.D., 
Baird, A.H., Babcock, R.C., Beger, M., Bellwood, D.R., Berkelmans, R., Bridge, T.C., 
Butler, I.R., Byrne, M., Cantin, N.E., Comeau, S., Conolly, S.R., Cumming, G.S., 
Dalton, S.J., Diaz-Pulido, G., Eakin, C.M., Figueira, W.F., Gilmour, J.P., Harrison, H. 
B., Heron, S.F., Hoey, A.S., Hobbs, J.P.A., Hoogenboom, M.O., Kennedy, E.V., 
Kuo, C.Y., Lough, J.M., Lowe, R.J., Liu, G., McCulloch, M.T., Malcolm, H.A., 
McWilliam, M.J., Pandolfi, J.M., Pears, R.J., Pratchett, M.S., Schoepf, V., 
Simpson, T., Skirving, W.J., Sommer, B., Torda, G., Wachenfeld, D.R., Willis, B.L., 
Wilson, S.K., 2017. Global warming and recurrent mass bleaching of corals. Nature 
543, 373–377. https://doi.org/10.1038/nature21707.

Hughes, T.P., Rodrigues, M.J., Bellwood, D.R., Ceccarelli, D., Hoegh-Guldberg, O., 
McCook, L., Moltshaniwskyj, N., Pratchett, M.S., Steneck, R.S., Willis, B., 2007. 
Phase shifts, herbivory, and the resilience of coral reefs to climate change. Curr. Biol. 
17, 360–365. https://doi.org/10.1016/j.cub.2006.12.049.

Johns, K.A., Emslie, M.J., Hoey, A.S., Osborne, K., Jonker, M.J., Cheal, A.J., 2018. 
Macroalgal feedbacks and substrate properties maintain a coral reef regime shift. 
Ecosphere 9 (7), e02349. https://doi.org/10.1002/ecs2.2349.

Kahng, S.E., Garcia-Sais, J.R., Spalding, H.L., Brokovich, E., Wagner, D., Weil, E., 
Hinderstein, L., Toonen, R.J., 2010. Community ecology of mesophotic coral reef 
ecosystems. Coral Reefs 29, 255–275. https://doi.org/10.1007/s00338-010-0593-6.

Kane, C.N., Tissot, B.N., 2017. Trophic designation and live coral cover predict changes 
in reef-fish community structure along a shallow to mesophotic gradient in Hawaii. 
Coral Reefs 36, 891–901. https://doi.org/10.1007/s00338-017-1581-x.

Karpouzi, V.S., Stergiou, K.I., 2003. The relationship between mouth size and shape and 
body length for 18 species of marine fishes and their trophic implications. J. Fish. 
Biol. 62, 1353–1365. https://doi.org/10.1046/j.1095-8649.2003.00118.x.

Kay, M., 2023. Tidybayes: tidy data and geoms for Bayesian models. R package version 
3.0.6. https://mjskay.github.io/tidybayes/.

Koch, H.R., Wallace, B., DeMerlis, A., Clark, A.S., Nowicki, R.J., 2021. 3D scanning as a 
tool to measure growth rates of live coral microfragments used for coral reef 
restoration. Front. Mar. Sci. 8, 623645. https://doi.org/10.3389/ 
fmars.2021.623645.

Kohler, K.E., Gill, S.M., 2006. Coral point count with excel extentions (CPCe): a visual 
basic program for the determination of coral and substrate coverage using random 
point count methodology. Comput. Geosci. 32, 1259–1269. https://doi.org/ 
10.1016/j.cageo.2005.11.009.

Lenth, R., 2024. Emmeans: estimated marginal means, aka least-squares means. R 
package version 1.10.0. https://CRAN.R-project.org/package=emmeans.

Lesser, M.P., Slattery, M., 2011. Phase shift to algal dominated communities at 
mesophotic depths associated with lionfish (Pterois volitans) invasion on a 
Bahamian coral reef. Biol. Invasions 13, 1855–1868. https://doi.org/10.1007/ 
s10530-011-0005-z.

Lewis, S.M., Wainwright, P.C., 1985. Herbivore abundance and grazing intensity on a 
Caribbean coral reef. J. Exp. Mar. Biol. Ecol. 87 (3), 215.228. https://doi.org/ 
10.1016/0022-0981(85)90206-0.

Liddell, W.D., Ohlhorst, S.L., 1988. Hard substrata community patterns, 1-120m, North 
Jamaica. Palaios 3 (4), 413–423. https://doi.org/10.2307/3514787.

Lindfield, S.J., Harvey, E.S., Halford, A.R., McIlwain, J.L., 2016. Mesophotic depths as 
refuge areas for fishery-targeted species on coral reefs. Coral Reefs 35, 125–137. 
https://doi.org/10.1007/s00338-015-1386-8.

Lindfield, S.J., McIlwain, J.L., Harvey, E.S., 2014. Depth refuge and impacts of SCUBA 
spearfishing on coral reef fishes. PLoS One 9 (3), e92628. https://doi.org/10.1371/ 
journal.pone.0092628.

Loffler, Z., Bellwood, D.R., Hoey, A.S., 2015. Among-habitat algal selectivity by browsing 
herbivores on an inshore coral reef. Coral Reefs 34, 597–605. https://doi.org/ 
10.1007/s00338-015-1265-3.

Madin, E.M.P., Madin, J.S., Booth, D.J., 2011. Landscape of fear visible from space. Sci. 
Rep. 1, 14. https://doi.org/10.1038/srep00014.

Mantyka, C.S., Bellwood, D.R., 2007a. Macroalgal grazing selectivity among herbivorous 
coral reef fishes. Mar. Ecol. Prog. Ser. 352, 117–185. https://doi.org/10.3354/ 
meps07055.

Mantyka, C.S., Bellwood, D.R., 2007b. Direct evaluation of macroalgal removal by 
herbivorous coral reef fishes. Coral Reefs 26, 435–442. https://doi.org/10.1007/ 
s00338-007-0214-1.

McManus, J.W., Reyes Jr., R.B., Nanola Jr., C.L., 1997. Effects of some destructive fishing 
methods on coral cover and potential rates of recovery. Environ. Manag. 21, 69–78. 
https://doi.org/10.1007/s002679900006.

Michael, P., Hyndes, G., Vanderklift, M., Verges, A., 2013. Identity and behavior of 
herbivorous fish influence large-scale spatial pattens of macroalgal herbivory in a 
coral reef. Mar. Ecol. Prog. Ser. 482, 227–240. https://doi.org/10.3354/meps10262.

Mitchell, M.D., Harborne, A.R., 2020. Non-consumptive effects in fish predator-prey 
interactions on coral reefs. Coral Reefs 39, 867–884. https://doi.org/10.1007/ 
s00338-020-01920-y.

Muallil, R.N., Mamauag, S.S., Cababaro, J.T., Arceo, H.O., Alino, P.M., 2014. Catch 
trends in Philippine small-scale fisheries over the last five decades: the fishers’ 
perspectives. Mar. Pol. 47, 110–117. https://doi.org/10.1016/j. 
marpol.2014.02.008.

Muller, M., Staab, C.F.K., Puk, L.D., Schoenig, E.M., Ferse, S.C.A., Wild, C., 2021. The 
rabbitfish Siganus virgatus as key macroalgae browser in coral reefs of the Gulf of 
Thailand. Diversity 13 (3), 123. https://doi.org/10.3390/d13030123.

Munsterman, K.S., Allgeier, J.E., Peters, J.R., Burkepile, D.E., 2021. A view from both 
ends: shifts in herbivore assemblages impact top-down and bottom-up processes on 
coral reefs. Ecosystems 24, 1702–1715. https://doi.org/10.1007/s10021-021- 
00612-0.
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