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Abstract
1. Fear of predators (‘fear effects’) is an important determinant of foraging deci-
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benefits to group members. Within coral reef ecosystems, fear effects have been
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behavioural mechanisms for mitigating fear effects while also providing foraging
shown to influence the feeding rates of herbivorous fishes, a key functional group
that prevents macroalgal overgrowth. Yet, how fear effects and group size inter2. Here, we conducted field-based experiments using models of a common piscivorous fish, the leopard coral grouper Plectropomus leopardus and a series of macroalgal Sargassum ilicifolium assays positioned at increasing distances from the
models (1, 2, 3 and 4 m) on two coral reefs in Singapore to investigate how acute
fear effects shape the intensity of herbivory, and whether these effects were influenced by variation in the group size of herbivorous fishes feeding on the assays.
3. We found acute fear effects strongly influenced the foraging behaviour of herbivorous fishes over small spatial scales. Rates of Sargassum biomass removal, feeding rates and the total number of individual feeding events were all lower near the
predator model. These effects dissipated rapidly with increasing distance from the
predator model and were undetectable at a distance of 4 m. We also found generally larger group sizes of herbivorous fishes further from the predator model, presumably reflecting decreased risk. Furthermore, the number of individual bites/
event increased significantly with increasing group size for two common browsing
fishes, Siganus virgatus and Siganus javus.
4. Our findings highlight that acute fear effects influence the distribution and intensity of herbivory over small spatial scales. Fear effects also interacted with herbivore group size resulting in changes in the number of individual feeding events and
bite rates that collectively shape the realized ecosystem function of macroalgal
removal on coral reefs. Group size is an important context-dependent factor that
should be considered when examining fear effects on coral reefs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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behaviours (Streit et al., 2015) and habitat preferences (Hoey &
Bellwood, 2010). Accordingly, herbivorous fishes are generally

Predation is a key process influencing species interactions and the

classified into two broad functional groups: ‘grazers’ which are spe-

flow of energy through food webs, and hence ecosystem structure

cies that feed on benthic surfaces covered with short algal turfs or

and function (Lima & Dill, 1990; Sih et al., 1985). Predators influ-

epilithic algal matrices (EAM) and ‘browsers’ which feed on large ma-

ence prey dynamics and ecological processes through both con-

ture fleshy macroalgae (Green & Bellwood, 2009). Because macroal-

sumptive and non-consumptive effects (Gaynor et al., 2019; Lima &

gae can proliferate on reefs following a disturbance (but see Bruno

Dill, 1990). While consumptive effects of predators can have direct

et al., 2009), the removal of macroalgae by browsers is considered a

effects on prey population abundance, the fear of predators (indi-

critical function for preventing and potentially reversing macroalgal

rect ‘fear effects’) can have greater effects on ecosystems (Creel &

phase shifts and promoting reef recovery (Bellwood et al., 2006).

Christianson, 2008) by eliciting strong behavioural changes in prey

Preserving this function has become increasingly important as coral

foraging (Lima & Dill, 1990; Preisser & Bolnick, 2008) and habitat use

reefs rapidly degrade due to local and global anthropogenic impacts

(Heithaus & Dill, 2002; Werner & Peacor, 2003). Changes in prey for-

that are exacerbating the expansion of macroalgae across many reef

aging and habitat use from fear effects can lead to declines in fitness

systems (Hughes et al., 2017).

through reduced energy acquisition (Werner et al., 1983) and/or in-

On coral reefs, previous studies of fear effects have associated

creased energy demands (Brown & Kotler, 2004) and ultimately alter

changes in herbivorous fish foraging rates to spatial and tempo-

the distribution and/or abundance of lower trophic levels through

ral differences in predator presence and/or abundance (Hoey &

cascading effects (Ripple et al., 2001; Schmitz et al., 2004).

Bellwood, 2011; Madin et al., 2010; Rasher et al., 2017), the availabil-

One of the main behavioural mechanisms used by prey to miti-

ity of refugia (e.g. grazing halos; Madin et al., 2011) or the presence

gate their vulnerability to predation risk is forming groups (Krause &

of static predator models (Bauman et al., 2019; Catano et al., 2016;

Ruxton, 2002; Lima, 1995). Group membership can reduce individ-

Rizzari et al., 2014). Combined, these findings suggest that fear ef-

ual predation risk through dilution effects (Foster & Treherne, 1981),

fects are important determinants of the spatial and temporal dis-

enhanced detection of predators (Lima & Dill, 1990; Pulliam, 1973),

tribution of herbivory on coral reefs (Mitchell & Harborne, 2020).

attack abatement (Turner & Pitcher, 1986) and the confusion ef-

Yet, despite this, no studies have examined how browser foraging

fect (Neill & Cullen, 1974), while also enhancing energy acquisi-

behaviour is influenced by changes in group size in the presence

tion through increased foraging efficiency (Elgar, 1989; Pitcher

of a fish predator. Many herbivorous coral reef fishes form groups

et al., 1982) and allowing more time for other fitness-improving ac-

(or schools; e.g. Hoey & Bellwood, 2009; Meyer & Holland, 2005;

tivities (Lima, 1995). However, with increasing group size, individu-

Michael et al., 2013) presumably in part to reduce risk and increase

als can also incur costs such as competition for resources (Pitcher &

foraging benefits (Gil et al., 2017; Wolf, 1987), which likely affects

Parrish, 1993) and increased conspicuousness (Creel & Creel, 2002)

the delivery of their functional impact. For example, when forag-

that may attract higher attack rates from predators (Krause &

ing in groups, browsers have been observed to feed at higher rates

Ruxton, 2002). Despite the prevalence of group formation in animal

and remove greater algal biomass (Michael et al., 2013), and locate

populations, including fishes across a range of marine ecosystems

and consume macroalgae more rapidly (Gil et al., 2017). Despite

(Paijmans et al., 2019), we have a limited understanding of how fear

group formation among browsers and the function of macroalgal re-

interacts with group foraging behaviour of herbivorous coral reef

moval on coral reefs, no studies have considered these two factors

fishes, and whether this influences the spatial distribution and inten-

simultaneously.

sity of herbivory on tropical coral reefs.

Here, we examined how fear effects associated with predator

Herbivorous fishes perform a critical function in coral reef eco-

presence shape the spatial distribution and intensity of browsing and

systems, removing fast-growing algae that compete with corals for

how browsing may vary with group size on coral reefs in Singapore.

space. Without top-down control, algae can rapidly colonize open

Using a combination of transplanted macroalgal assays, remote

space preventing the settlement, growth and survivorship of corals,

video cameras and static models of a common piscivorous fish, the

thereby limiting the recovery of coral populations following a dis-

leopard coral grouper Plectropomus leopardus we investigated how

turbance (Hughes et al., 2007). Demographic models suggest that

browsing rates and group size changed with decreasing predation

the capacity of coral reefs to avoid such shifts is largely dependent

risk (i.e. increasing distance from the models), and the relationship

on the consumption of algae by the herbivorous fish community

between browser group size and browsing rates. We hypothesized

(e.g. Mumby et al., 2007). Herbivory on coral reefs is a multifaceted

that macroalgal removal would increase with decreasing acute risk,

process, carried out by multiple species with different dietary pref-

and the formation of larger browser group size closer to the predator

erences (Choat et al., 2002; Nicholson & Clements, 2021), foraging

model to reduce acute predation risk.
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2.1 | Study sites and species
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1987

Each morning (09:30–10:30) we transplanted two replicates of
six Sargassum assays (total of 12 assays) haphazardly along the reef
crest at ~3–4 m depth at one site (i.e. either Pulau Satumu or Kusu).
Predator models were secured ~50 cm above the reef substratum.

We conducted field-based experiments between September and

Individual Sargassum assays were subsequently attached to the reef

October 2016 on Pulau Satumu and Kusu, two off-shore islands

substratum at increasing distances (1, 2, 3 and 4 m) from the preda-

in Singapore with well-developed fringing reefs (see Appendix S1,

tor model. The two additional assays were positioned approximately

Figure S1). Both reefs have a clearly defined reef crest at 3–4 m

20 m (object control) and 30 m (herbivore exclusion control) away

depth, and have the highest coral cover (Guest et al., 2016), the low-

from the predator models within the same habitat (i.e. ~3–4 depth

est macroalgal cover and highest rates of herbivory in Singapore

along the reef crest; Figure S2). Within each site, experimental rep-

(Bauman et al., 2017; Seah et al., 2021). Each experimental repli-

licates were separated by a minimum of 30 m to facilitate indepen-

cate consisted of a series of individual Sargassum ilicifolium assays

dence. This procedure was replicated over four non-consecutive

positioned at increasing distances (1, 2, 3 and 4 m) from models

days on each reef (n = 8 experimental replicates, with n = 4 per reef).

of the piscivorous leopard coral grouper (Plectropomus leopardus,

To identify herbivorous fish species feeding on the Sargassum as-

53 cm total length, TL) to simulate different levels of acute preda-

says, a small video camera (GoPro) mounted on a dive weight (2 kg) was

tion risk, together with two experimental controls (i.e. object control

positioned approximately 1 m from each of the assays in the predator

and herbivore exclusion). Plectropomus leopardus was selected be-

exposure treatment (i.e. 1, 2, 3 and 4 m from the predator model). We

cause this species is common on both Pulau Satumu and Kusu (Lim &

did not film the object control due to logistical constraints (number of

Low, 1998; A.G. Bauman, pers. obs.) and has broad diets that include

working cameras at the time of study), and because this treatment was

herbivorous fishes (St. John, 1999). The size of the models (53 cm

primarily established to compare the effects of a large novel object

TL) was selected to represent the maximum size of serranids (in-

versus predator model on macroalgal removal. Filming commenced

cluding P. leopardus) observed on Singaporean reefs (A.G. Bauman,

immediately after the assays and predator models were deployed,

pers. obs.). Moreover, predator models of this species of similar and

with a small scale bar (10 cm) placed adjacent to each assay for 10 s

larger sizes (i.e. 48–76 cm TL) have been shown to affect browser

to allow calibration of fish sizes on the videos. All cameras, macroalgal

foraging behaviour (Great Barrier Reef (GBR): Rizzari et al., 2014;

assays and predator models were collected after 4.5 hr. Thus, on each

Singapore: Bauman et al., 2019). Sargassum ilicifolium was selected

day of the experiment, there were eight cameras per reef, resulting in

because it is the most abundant and widespread Sargassum species

144 hr of video observations for each reef (288 hr in total).

on Singapore's reefs (Low et al., 2019).

Following retrieval, each individual Sargassum thalli was spun
and re-weighed as above to calculate biomass loss per thallus

2.2 | Experimental design

(Section 2.3). To minimize potential diver interference, the first
20 min and last 10 min of each video were discarded. From the video
footage, we recorded the total number of bites, species and esti-

Sargassum ilicifolium (hereafter ‘Sargassum’) thalli of similar heights

mated TL to the nearest centimetre for each fish feeding, group size

(c. 40 cm) were collected daily from a nearby shallow reef flat on

per feeding event and total bites per feeding event. Size estimates

Pulau Hantu (Figure S1). Individual thalli were spun in a salad spinner

for each fish were converted to biomass using published length–

for ~20 s to remove excess water and the wet weight was recorded

weight relationships (Hoey et al., 2013; Kulbicki et al., 2005; see

to the nearest 0.1 g. The initial mass (mean ± SE) of each thalli was

Appendix S1, Table S1). A feeding event was recorded every time

44.7 ± 8.4 g. For each experimental replicate, six Sargassum assays

a fish entered the video frame and fed on Sargassum, and the bites

were allocated randomly to one of three treatments: a predator

from each individual fish were counted until each fish left the video

model treatment (four assays positioned 1, 2, 3 and 4 m away from

frame. If other fishes entered during the feeding event, bites taken by

the predator model), one object control treatment (53 cm length of

those individuals were counted and included within the same feed-

PVC pipe, 8 cm in diameter) with one assay positioned 1 m away

ing event. Group feeding was defined as two or more fishes feeding

where the largest effect on browsing was theorized to occur and a

simultaneously during an event (Lukoschek & McCormick, 2000). To

herbivore exclusion treatment (one assay placed inside a 30 cm ra-

account for variation in the feeding impact of individual fishes re-

dius, 100 cm height, 0.5 cm plastic mesh cage; Figure S2). The object

lated to body size, mass-standardized bite impact was calculated as

control was used to account for the effect of introducing a novel

the product of the number of bites and the estimated body mass (kg)

object in the water while the herbivore exclusion cage was used to

for each individual following Hoey and Bellwood (2009).

account for the autogenic losses due to handling and translocation.
A negative control treatment (i.e. a series of four assays separated
by 1 m without a predator or novel object) was not included in this

2.3 | Statistical modelling

study because, with replication, there was no conceivable reason
why browsing would consistently vary within a 4 m scale in the ab-

Individual assays’ positions within each predator exposure treatment

sence of any object.

replicate (i.e. at 1, 2, 3 and 4 m) were considered non-independent due

1988
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to their close proximity, and hence potential exposure to the same

Models were fit using the MCMCglmm package, which provides

individual herbivorous fishes. To account for non-independence, we

parameter estimates, parameter 95% highest posterior density

used a Bayesian mixed modelling approach employing Markov chain

(HPD) credible intervals and a p-value (pMCMC) corresponding to

Monte Carlo (MCMC) methods for fitting generalized linear mixed

the smaller of two times the probability that the MCMC parame-

models (Hadfield, 2010) with experimental replicate defined as the

ter estimate is either >0 or <0 (Hadfield, 2010). Model terms were

random effect. To examine the response of herbivorous fishes to the

considered significant where one or more levels (for factors) or a

predator model, we compared: (a) changes in Sargassum biomass at

co-variate had a pMCMC value <0.05 and parameter estimate 95%

each position away from the predator model and the object control,

HPD's did not include zero. Diffuse, uninformative inverse gamma

(b) herbivorous fish species from the video footage feeding at each

priors were used for variance components and default priors for

assay position from the predator model. For all analyses, assay posi-

fixed effects. Backward model selection was applied from initial

tion was considered an ordinal factor rather than a continuous co-

models (defined above) by comparing reduced nested models with

variate and the five positions were modelled for analyses of biomass

deviance information criterion (DIC) and model weight. Top ranking

removal (i.e. 1 m from the object control and 1, 2, 3 and 4 m from the

models were compared, and the most parsimonious model selected

predator model).

as the simplest model with significant explanatory terms. Results

To examine biomass (g) loss due to herbivory at each assay po-

are presented as the predicted posterior means and their 95% HPD

sition, data were first standardized to control for autogenic loss

credible intervals unless otherwise stated. Comparisons between

during handling following Cronin and Hay (1996). For individual

factor levels in final models were considered statistically significant

assays in each replicate, the reductions in macroalgal biomass at-

when prediction 95% HPD’s did not overlap prediction estimates of

tributed to herbivory were calculated using the following formula:

other factor levels. All models were fit using 130,000 iterations, a

[(Ho × Cf/Co) − Hf ] where Ho and Hf were the initial and final wet

burn-in of 30,000 iterations and a thinning interval of 50, except

weights, respectively, of the macroalgal assay exposed to browsing,

for feeding rates and group size, which required longer iterations,

and Co and Cf were the initial and final masses of the correspond-

burn-ins and thinning intervals due to poor mixing and unacceptably

ing assays from the herbivore exclusion treatments. Changes in

high autocorrelation between thinned samples in models with fewer

Sargassum biomass were compared by modelling the absolute (g)

iterations. Diagnostics were performed by visual inspection of trace

and relative (proportion) reduction in biomass of replicate assays.

plots and ensuring autocorrelation between thinning intervals was

In the latter case, proportions were logit transformed (Warton &

low (i.e. at least <0.05). Model comparisons were made using the

Hui, 2011). Changes in biomass data were modelled using a Gaussian

MuMIn package (Bartoń, 2015). All data were analysed in R (R Core

error structure with site, position and their interaction as fixed ef-

Team, 2017). The R code, full model selection details, parameter es-

fects in initial models.

timates, 95% HPD's and pMCMC values are provided in electronic

From the video feeding observations, we modelled the following

supplementary materials and Bauman et al. (2021).

three response variables: (a) counts of bites per feeding event (bites/
event), (b) feeding rates (mass-standardized bites/hr hereafter ‘ms-
bites’) and (c) group size per feeding event (group size/event). Bites/

3 | R E S U LT S

event was modelled to assess whether individual foraging events
were affected by distance to the predator models, whereas feeding

There were marked increases in both the relative and absolute removal

rates indicated the overall effect of predator on macroalgal removal

rates of Sargassum biomass with increasing distance from the predator

at each position. Bites/event were modelled for the four most com-

model (Figure 1; Figure S3). Mean rates of relative Sargassum biomass

mon herbivores (Siganus virgatus, Kyphosus vaigiensis, Scarus rivulatus

removal increased >3.5-fold between assays 1 m (4% 4 hr−1) and 4 m

and Siganus javus) using a Poisson error structure. Group sizes >4

(15% 4 hr−1) from the predator model, but were similar between the

were excluded from the analysis due to lack of cases across other

object control (18% 4 hr−1) and the 4 m assay (Figure 1). The final model

explanatory variables. The initial model included the explanatory

for the relative reduction in Sargassum biomass included site, assay po-

terms site, group size, assay position, their three-way interaction and

sition and site × assay position interaction, highlighting differences in

pairwise two-way interactions and terms for species and species/

rates of biomass removal among assay positions within sites (Table S2).

group size interaction. Feeding rates were only analysed for S. virga-

The proportion of Sargassum biomass removed on Pulau Satumu was

tus because this species was responsible for most of the feeding (see

significantly higher at the 3 m (20% 4 hr−1; pMCMC = 0.016) and 4 m

Section 3). Feeding rates (ms-bites) were rounded to whole integers
to employ a Poisson error structure, and site, assay position and their

assay positions (23% 4 hr−1; pMCMC = 0.002), and the object control

(22% 4 hr−1; pMCMC = 0.009), than the 1 m (5% 4 hr−1) and 2 m assay

interaction were used as explanatory variables in the initial model.

positions (7% 4 hr−1; Figure 1A; Table S2). In contrast, the proportion

Analysis of group size (group size/event) was performed for the en-

of Sargassum biomass removal on Kusu was lower and did not differ

tire dataset, including group sizes >4, with the initial model includ-

between assay positions 2–4 m (model predictions ~8%, 95% HPD's),

ing the explanatory terms site, assay position and species, with site/

but all had significantly higher biomass removed than the 1 m assay

assay position and site/species interactions, using a Poisson error

(4% 4 hr−1) and significantly lower removal than the object control

structure.

(13% 4 hr−1; Figure 1B).
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4

1

Control

Distance (m)

Control

Distance (m)

F I G U R E 1 The proportion of Sargassum biomass removed with increasing distance from the predator model and the object control
on (A) Pulau Satumu (blue) and (B) Kusu (red). Larger circles represent model predictions and 95% HPD credible intervals and the smaller
circles represent each experimental replicate. Letters above treatments (i.e. distances from predator model and the object control) indicate
significant differences. Note: Sargassum assays were positioned 1 m from the object control
TA B L E 1 Summary of video analysis identifying herbivorous fishes responsible for removing Sargassum biomass. Abbreviations: NIFE
(Number of individual feeding events) and MGS event−1 (mean group size per event)
Species

NIFE (% total)

Sites present

Replicates
present

Total bites
(% total)

Total ms-bites
(% total)

MGS event−1
(range)

Siganus virgatus

1,711 (85.72)

P. Satumu, Kusu

16

11,807 (88.85)

3,189.6 (82.8)

2.1 (1–18)

Kyphosus vaigiensis

54 (2.71)

P. Satumu, Kusu

7

575 (4.33)

379.1 (9.84)

3 (1–8)

Scarus rivulatus

85 (4.26)

P. Satumu, Kusu

11

378 (2.84)

131.8 (3.42)

3.2 (1–6)

Siganus javus

84 (4.21)

P. Satumu, Kusu

14

342 (2.57)

66.1 (1.72)

3.1 (1–8)

Scarus ghobban

30 (1.5)

P. Satumu

6

78 (0.59)

55.2 (1.43)

3.1 (1–7 )

Siganus canaliculatus

28 (1.4)

Kusu

7

97 (0.73)

27.5 (0.71)

2.3 (1–4)

Siganus punctatus

3 (0.15)

Kusu

2

8 (0.06)

2.0 (0.05)

2.3 (1–3)

Siganus corallinus

1 (0.05)

Kusu

1

3 (0.02)

0.8 (0.02)

1.0 (1–1)

Analysis of the video footage revealed eight herbivorous fish spe-

Proximity to the predator model strongly influenced the num-

cies taking 3,852 ms-bites (13,288 total bites) during 1,996 individ-

ber of IFEs and bites/event on Sargassum (Figure 4A), with 2.5 times

ual feeding events across all assays (Table 1). Four species (Kyphosus

more IFEs and 5 times more bites/event on assays at 4 m (634 IFEs,

vaigiensis, Scarus rivulatus, Siganus virgatus and Siganus javus) were

1,452 ms-bites) from the predator model relative to 1 m (252 IFEs,

recorded in ~98% of the individual feeding events (hereafter ‘IFEs’)

284 ms-bites). Total IFEs and the number of bites per IFE were mar-

and accounted for ~97% of ms-bites (Table 1). Feeding among spe-

ginally higher on Pulau Satumu (1,089 IFEs, 2,600 ms bites/event)

cies was highly variable among days, replicates, assay positions and

than Kusu (907 IFEs, 1,252 ms bites/event). Bites/event ranged from

between sites (Figure 2). Siganus virgatus was recorded in 1,711 (or

1 to 92 bites, but their distributions were all positively skewed (i.e.

85%) of 1,996 IFEs, fed at each assay position in all 16 replicates

the number of bites/event was generally low; Figure 4A). The final

(Figure 2) and was responsible for most of the feeding, accounting

bites/event model included assay position, species, group size and a

for 82.8% of the ms-bites (3,189.6 ms-bites, Table 1, Appendix S1).

group size × species model interaction (Table S4). Generally, there

Feeding rates for S. virgatus were best explained by site, assay po-

were significantly fewer bites/event 1 m from the predator model

sition and their significant interaction (Table S3) with ms-bites/hr

compared to all other assay positions (all pMCMC < 0.001), but no

increasing with increasing distance from the predator model at both

differences in the number of bites/event among assay positions 2, 3

sites, with the magnitude of the difference being greater on Pulau

and 4 m though this varied by species (Figure 4B–E). Kyphosus vai-

Satumu (Figure 3A,B, Appendix S1).

giensis took significantly more bites/event at any given group size
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F I G U R E 2 Polar histogram of feeding events for the four dominant herbivorous fishes (Kyphosis vaigiensis, Scarus rivulatus, Siganus javus
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according to site (PS = Pulau Satumu; KS = Kusu), day of feeding trial (1–8) and replicate within each day. Numbers in parentheses after each
replicate and after species names are the number of feeding events per replicate and the total for each species
than S. javus (pMCMC = 0.01) and S. virgatus (pMCMC = 0.005), and

size/event including site, assay position, species and a site assay po-

marginally more than S. rivulatus (pMCMC = 0.07, Figure 4B). Bites/

sition interaction (Table S5). There were significantly larger group

event increased significantly with increasing group size for S. virgatus

sizes feeding on Sargassum assays at 3 m (pMCMC = 0.014) and

(pMCMC = 0.021) and S. javus (pMCMC = 0.038), but did not change

4 m (pMCMC = 0.0063) from the predator model on Pulau Satumu

for K. vaigiensis or S. rivulatus (Figure 4B–E).

(Figure 5C) compared to Kusu (Figure 5D).

Group feeding events occurred at every assay position on Pulau
Satumu and Kusu for S. virgatus and S. javus but not observed for K.
vaigiensis at the 1 and 2 m assays at Kusu or for S. rivulatus at the
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1 m assay on Pulau Satumu (Figure 5A,B). Group sizes per feeding
event (group size/event) ranged from 2 to 18 fishes across IFEs, but

Fear effects have increasingly been shown to be important drivers of

the majority of groups observed feeding (98%) contained between

herbivorous fish foraging behaviour (Mitchell & Harborne, 2020), in-

two and five fishes. Feeding group size was positively related to

fluencing the spatial and temporal distribution of herbivory on coral

increasing distance from the predator model at Pulau Satumu but

reefs (Madin et al., 2010; Rasher et al., 2017; Rizzari et al., 2014), yet

not Kusu (Figure 5C,D) with the most parsimonious model for group

how browser foraging behaviour is influenced by group size in the
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F I G U R E 3 Mass standardized bites/hr for Siganus virgatus at each assay position on (A) Pulau Satumu (blue circles) and (B) Kusu (red
circles). Large circles represent model predictions and 95% HPD credible intervals and the small circles represent each experimental
replicate. Letters above distances (i.e. 1, 2, 3 and 4 m) from the predator model indicate significant differences

presence of a predator remains largely unknown. Using predator fish

feeding rates and group size in herbivorous reef fishes; and collec-

models to simulate acute fear effects, we found that rates of her-

tively shape the realized ecosystem function of macroalgal removal

bivory, the number of individual feeding events (IFEs) and feeding

on coral reefs over small spatial scales.

rate (ms-bites/hr) were all markedly lower near the predator model,

Evidence from multiple ecosystems shows that spatial variation

showing that fear effects suppress browsing and impact localized

in predation risk influences where potential prey choose to forage

macroalgal removal. Our results show that acute fear effects rap-

(Gaynor et al., 2019; Laundre et al., 2001). On coral reefs, acute pre-

idly dissipate, with no detectable difference in browsing rates 4 m

dation risk leads to more cautious herbivore behaviour (i.e. increased

from the predator model relative to the object control. Importantly,

vigilance) and/or avoidance of areas in which predators are present

we found that both group size and feeding rates of browsing fishes

(Madin et al., 2010) or likely to be found (Hoey & Bellwood, 2011),

were positively related to distance from the predator model, trans-

thereby influencing the spatial or temporal distribution of foraging

lating to greater macroalgal removal with increased distance from

intensity (Catano et al., 2017; Rasher et al., 2017) and the amount of

the predator model. These findings are contrary to our hypothesis

algae consumed (Catano et al., 2016; Rizzari et al., 2014). Consistent

and suggest a group size foraging response to low risk rather than an

with previous theoretical (Madin et al., 2010) and empirical studies

antipredator response to high risk (Creel & Winnie, 2005). Such find-

(Bauman et al., 2019; Catano et al., 2016; Rizzari et al., 2014), we

ings reflect the patterns of group size responses in terrestrial eco-

found acute risk reduced browsing and suppressed macroalgal re-

systems where some prey species (e.g. elk, Cervus elaphus) have been

moval. Fear effects rapidly dissipated with increasing distance from

reported to form larger groups when temporal risk is low but smaller

the predator model and were undetectable at a distance of 4 m

groups when temporal risk is high in order to potentially reduce the

(statistically indistinguishable from the object control). Reduction in

risk of detection, encounters and/or attacks (Winnie & Creel, 2007).

algal biomass of assays 4 m from the predator model and near the

Notably, two of the dominant browsers in our system, Siganus virga-

object control was directly comparable to those of previous studies

tus and Siganus javus (f. Siganidae), showed significant increases in

that deployed Sargassum assays in the absence of predator models

group size with distance from the predator model and in the number

or objects at these reefs (Bauman et al., 2017; Seah et al., 2021).

of individual bites per event with increasing group size. The positive

Likewise, previous predation risk studies in the Florida Keys re-

relationship between group size and individual feeding rate may be

ported that herbivorous fishes consumed significantly more sea-

related to changes in vigilance behaviours that are frequently ob-

grass and took between 4 and 40 times more bites on assays 4 m

served among rabbitfishes—from frequent coordinated vigilance in

away from larger predator models (grouper Mycteroperca bonaci and

conspecific pairs (Brandl & Bellwood, 2015) to collective vigilance

barracuda Sphyraena barracuda, both 90 cm fork length) relative to

in larger groups (e.g. Ward et al., 2011). Combined, our results re-

assays 0.5 m away (Catano et al., 2016, 2017). Our results also re-

veal that acute predation risk influences the interaction between

vealed no evidence that group size mediated predation risk—that is,
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(A)

F I G U R E 4 Bites per feeding event
across assay positions for Kyphosis
vaigiensis, Scarus rivulatus, Siganus virgatus
and Siganus javus. (A) Raw bites/event
data for group sizes 1–4 and >4 at each
assay position. Distributions are scaleless
kernel density for each group size at each
assay position (x-axis) where the base
of each distribution is raw data offset,
numbers indicate the number of cases for
each group size category at each assay
position. (B–E) Model predictions for
group sizes 1–4 for each species. Numbers
indicate predictions for that group size
at each assay position (x-axis), shaded
bars are 95% HPD credible intervals,
different species represented by different
colours. Solid lines between numbers
for each group size in each species
indicate a significant difference in model
predictions. In all cases where there
was a significant difference between 1
and 2 m assay positions, there was also
a difference between 1 m and all other
assay positions for that group size
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the formation of larger groups closer to the predator model as an

implying that fear-driven changes in browsing could impact recruit-

antipredator defence to reduce risk. In contrast, we found smaller

ment and the recovery of coral populations (Madin et al., 2010). Yet,

groups of browsers closer to the predator model suggesting that

on predator-poor reefs such as Singapore (Lim & Low, 1998) brows-

acute risk may generate a mosaic of areas of low browsing where

ers may disperse their feeding efforts more uniformly over a reef

acute risk is high, and areas of high browsing where risk is low

(Madin et al., 2010) potentially affecting the distribution of area suit-

(Madin et al., 2010). Spatially concentrated herbivory may lead to

able for coral settlement (Sandin & McNamara, 2012). Combined our

increased coral recruitment and coral cover relative to areas where

results suggest that the spatial scale over which acute risk influences

similar rates of herbivory are dispersed (Sandin & McNamara, 2012),

herbivorous fish foraging behaviour may be considerably smaller
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F I G U R E 5 Changes in group size for individual feeding events across each assay positions for Kyphosis vaigiensis, Scarus rivulatus, Siganus
virgatus and Siganus javus at Pulau Satumu (A, C) and Kusu (B, D). Polar histograms of raw group size data at each assay position for each
species (A, B). Bars represent the proportion of group sizes at each assay position. Numbers in parentheses after assay position and species
names are the total number of feeding events per assay position and the total for each species, respectively. Model predictions and 95%
HPD credible intervals for each species (C, D)
than previously suggested, especially if background levels of risk are
low, and may be mediated by group foraging.

on the GBR (5%–6% 4.5 hr−1; Rizzari et al., 2014) suggesting our
models elicited a similar response. Acute fear effects can also be in-

Acute fear effects on browser foraging behaviour are often

fluenced by local environmental conditions (e.g. high turbidity and

context dependent (Catano et al., 2016) and intuitively should vary

sedimentation) that reduce light and the visual perception for both

with predator abundance (Madin et al., 2010), identity (Catano

predators and prey (Utne-Palm, 2002). Consequently, the rapid dis-

et al., 2017), size (Rizzari et al., 2014) and activity (Rasher et al., 2017)

sipation of acute risk effects in this study may have been exacer-

within and among reefs. For example, a previous study reported that

bated by the high turbidity and low light conditions on Singapore's

larger predator models had a greater effect on herbivore foraging

reefs (Chou, 2006) reducing browsers ability to visually detect the

rates than small predator models (Rizzari et al., 2014). Yet, we found

predator models at greater distances (i.e. 3 and 4 m) which resulted

that rates of macroalgal consumption on assays 1 m from our pred-

in higher feeding rates at those assay positions. Risk avoidance

ator model (53 cm P. leopardus: 4%–5% 4 hr−1) were directly compa-

behaviours can also be modified by predator activity; herbivores

rable to assays at similar distances from larger predator models (i.e.

may reduce foraging in habitats associated with an influx of larger,

76 cm P. leopardus and 170 cm reef shark Carcharhinus melanopterus)

mobile predators (e.g. sharks) during specific tidal cycles (e.g. high

1994

|
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tides) presumably due to increased vigilance (Rasher et al., 2017).

coordinated vigilance while in pairs (e.g. Brandl & Bellwood, 2015),

However, given that P. leopardus are opportunistic ambush preda-

a behaviour suggested to reduce acute predation risk while forag-

tors that generally attack prey within a few metres (St. John, 1999),

ing (Fox & Donaldson, 2013), but such behaviour can also result in

Sargassum assays positioned 3–4 m away from the predator models

reduced foraging opportunities, particularly when acute risk is high.

in this study may have attracted browsers increasing the removal

Siganus virgatus also occur in large groups (or schools) on Indo-Pacific

of biomass. Notably, these diverse behavioural responses to acute

reefs (Allen et al., 2003), with groups of up to 18 individuals (of which

risk are likely to vary among geographic regions, reefs and locations

15 were recorded feeding) recorded during our study. Theoretical

due to differences in herbivorous fish assemblages, identity and

models predict that individual costs of vigilance should decrease and

abundance of predators, benthic composition and environmental

foraging efficiency increases with increasing group size as the role

conditions.

is diluted among a greater number of individuals (Beauchamp, 2019;

Reductions in the removal of Sargassum with increasing risk (i.e.

Bednekoff & Lima, 2004).

near the predator model) coincided with a decrease in group size of

While it is beyond the scope of our study to suggest whether

foraging fishes. This result is counter to our hypothesis and does not

behavioural changes from coordinated vigilance in conspecific pairs

support the generally accepted notion that the formation of larger

to collective vigilance in groups occurred in S. virgatus, our results

groups is an antipredator response to increasing predation risk

do show that group size is an important context-dependent factor

(Krause & Ruxton, 2002; Lima & Dill, 1990) Rather, it may be that

that can influence the magnitude of fear effects on browser foraging

larger foraging groups disaggregated into smaller groups in the pres-

behaviour over small spatial scales. Most fear effects studies that

ence of a predator model to reduce the rates of detection, encoun-

have investigated acute risk effects on coral reef browsers have not

ters and/or attacks as observed in some terrestrial species (Creel &

considered group foraging behaviour (Mitchell & Harborne, 2020)

Creel, 2002; Creel & Winnie, 2005; Hebblewhite & Pletscher, 2002).

and generally tend to aggregate feeding events into a single met-

Likewise, larger group sizes in this study may have formed as a re-

ric of overall macroalgal removal. By quantifying individual feeding

sponse to the spatial distribution of the Sargassum assays; browsers

events (IFEs) and integrating browser group sizes, our results pro-

converged on assays where acute risk was perceived to be lower for

vide new insights into how group sizes could act as a mediating vari-

the foraging opportunities these areas provided rather than a mech-

able between fear effects and browsing which may lead to varied

anism of risk dilution (Creel & Winnie, 2005). Alternatively, group

consequences of macroalgal removal on coral reefs. Our results

size may have been affected by behavioural coupling whereby the

also provide further evidence that group foraging among browsers

presence or action of one individual generates cues that influence

may enhance feeding rates (Michael et al., 2013), and importantly

the actions of other individuals (e.g. Rosenthal et al., 2015). For ex-

the rates of macroalgal removal (a ‘realized function’; Bellwood

ample, Gil and Hein (2017) recently reported that herbivorous fishes

et al., 2019) within some reef systems. We argue that failing to ac-

base their decisions to feed versus flee from predators on the den-

count for group size effects may lead to overestimating the impacts

sity and actions of other fish (i.e. social cues) within the reefscape,

of acute risk on browser foraging behaviour, and thus its effects on

with such behaviours inducing strong temporal correlations in for-

coral communities. However, one important consideration when in-

aging behaviour. Importantly, our findings revealed that acute fear

terpreting our results is that the predator models used in this exper-

effects can influence browser group sizes over small spatial scales

iment were stationary, which could concentrate acute predation risk

which may help to explain the spatial and temporal variation in mac-

spatially, thereby obscuring the true predator effects on browser

roalgal removal within and among coral reefs.

foraging behaviour and group size. Nevertheless, further research

Our models also showed that acute risk effects on overall group

is warranted to resolve the potential links between group foraging

sizes varied among herbivores, but that the four most common

and macroalgal removal on coral reefs, and the degree to which fear

browsers observed feeding (S. virgatus, S. javus, K. vaigiensis and S.

effects interact with group size to determine the outcome of forag-

rivulatus) showed broadly similar trends. Of these species, only the

ing decisions.

rabbitfishes S. virgatus and S. javus showed marked increases in the
number of bites/event with increasing group sizes and decreasing
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