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Social context can modify the behaviour of animals, influencing how
they interact with their environment—potentially cascading to effects
on ecosystem functions. However, typical proxies for functions, such
as biomass or densities, may not completely capture this behavioural
variation. We examined how grouping behaviour of an abundant
parrotfish species, Chlorurus sordidus, influences the critical function
of herbivory on coral reefs in the Lakshadweep Archipelago and
evaluated the role of density dependence and territorial aggression from
competitors in driving group formation in the entire herbivorous fish
assemblage. Feeding rates increased with group size and decreased with
aggressive encounters, with parrotfish in larger groups consuming about
110% more algae per capita than solitary individuals. Group foragers
also benefitted marginally from reduced territorial aggression from
competing herbivores. The propensities of herbivores to form groups,
and their group sizes were positively density dependent, and to a
lesser extent, were driven by access to resources defended by territorial
competitors. Our study highlights the importance of incorporating
behavioural variation in assessments and predictive frameworks of
ecosystem functioning. As our results indicate, for social animals, key
ecosystem functions are particularly sensitive to animal densities and
interspecific interactions, especially when individual function varies with
social context.

1. Background
Behaviour mediates how animals interact with their environment [1].
These interactions influence ecosystem functioning or the rates of ecolog-
ical processes involving energy transfer [2,3]. Since ecosystem functions
are aggregates of individual contributions, variations in individual behav-
iour can scale up to influence ecosystem-scale patterns and processes [3,4].
These influences can be particularly stark for functions contributed by social
animals. Coordinated behavioural variations in groups of animals, such as
movement and foraging [5], can potentially result in large differences in
the distributions of functions across ecosystems [6]. However, conventional
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methods of quantifying ecosystem functions largely rely on static proxies, such as density or biomass [7], which fail to capture
behavioural variation [8], and consequently, often mischaracterize the rates of ecological functions [9,10]. Similarly, trait-based
approaches employing species-averaged trait values are unable to capture differences in trait expression, which may arise from
behavioural variation between individuals and populations [11,12].

Recently, research has acknowledged behavioural responses of animals to local cues as a universal modifier of functional
roles and expression of functional traits [2,12–14]. For instance, the movement activity levels of fish have been shown to
modulate their contribution to nutrient input in estuaries, with more active individuals providing disproportionately more
nutrients [3]. Ontogenetic and size-associated shifts in the foraging behaviour of a herbivore have been shown to influence
the distribution of herbivory in seagrass ecosystems [15]. Thus, explicitly incorporating individual-level behavioural variation
within populations in assessments and predictive frameworks of ecosystem functions can lead to more reliable estimates
of functional rates [2]. This integration requires: (i) finding direct causal links between behaviours and functions [13], (ii)
quantifying how variation in these behaviours influences animals’ functional contributions [16], and (iii) identifying measurable
drivers of variation in these behaviours.

Herbivory is a critical function across ecosystems, and variations in herbivore behaviour can strongly modulate the
distribution of primary consumption in systems—with far-reaching consequences for ecosystem structure and function [17].
Herbivores show considerable variation in foraging-associated behaviours, both within and between species [18,19]. This affects
when, where and how they contribute to primary consumption [8,13]. On coral reefs, herbivorous fish help maintain coral
dominance by mediating the relationship between coral and algae [20,21]. This function is critical to reef resilience under
climate change, as reefs are subject to increasingly frequent coral mass mortalities [22]. Many herbivorous fish typically
forage in fission–fusion groups, which dynamically vary in their size and composition [23–25]. Foraging behaviours are often
modulated by an animal’s social environment, and these foraging decisions could therefore have important consequences for
their contribution to herbivory [18,26]. For instance, group sizes can influence home range sizes, changing where an animal
feeds, and resource intake rates, affecting the quantities it consumes [18,27]. This variation in the social environment of
individuals can be driven by dynamic trade-offs between the costs and benefits of grouping, which vary in response to the
abiotic environment and biotic interactions within and outside the group [28].

Animals form groups for benefits associated with foraging, predation avoidance and reproduction ̉ [29,30]. Several hypoth-
eses have been proposed to explain group formation in herbivorous fish, but their relative importance remains unresolved
[31,32]. One prevalent hypothesis suggests that grouping is driven by interspecific interference competition for a resource—
roving herbivores form groups to access resources (algae) defended by benthic territorial fish which guard this resource
(henceforth, resource-competition hypothesis) [23]. While group formation enables individuals to overcome the territorial
defence of algae-farming damselfish [33–35], it is not clear to what extent this benefit drives grouping behaviour. Additionally,
a large part of the benthos on coral reefs is often defended by non-farming territorial fish, such as surgeonfish (Acanthuridae),
and whether the resource-competition hypothesis can be more generally applied to all territory-holding species—which may
defend a lower quality but more widespread resource than damselfish—remains untested. Another critical untested prediction
of this hypothesis is that an increase in the proportion of defended resources, or stronger resource defence, should lead to
an increase in grouping tendencies and group sizes of roving herbivores. Alternatively, grouping behaviour could be density
dependent [36]. At higher densities of potential group participants, the probability of encountering potential partners increases,
and individuals may have a larger pool from which to select group partners, thereby minimizing the activity-matching costs
of grouping [37]. Evaluating these hypotheses and estimating the relative role of hypothesized drivers can help us predict how
grouping behaviour and the function of herbivory could respond to altered species interactions and community composition.
While individual-level investigation is useful for identifying mechanisms, coupling it with assemblage-scale investigations can
give insights into whether the mechanisms generalize across the assemblage and give rise to expected patterns at functionally
relevant scales.

Here, we link behavioural variation (group size) to an ecosystem function (herbivory) and identify drivers of variation in this
grouping behaviour. For the first objective, we examine the influence of grouping behaviour on an individual’s contribution to
herbivory. We then, for the second objective, test two potential drivers of variation in the grouping behaviour of herbivorous
fish—access to resources defended by territorial benthic competitors and herbivore densities. Specifically, for the first objective,
we asked how group sizes influence the feeding rates of individual Chlorurus sordidus, an abundant coral reef herbivorous fish.
We expected individuals in larger groups to have higher feeding rates if they were participating for foraging benefits [30].
Then, we tested two behavioural predictions of the resource-competition hypothesis—C. sordidus individuals experiencing more
aggression from territorial competitors should have lower feeding rates, and C. sordidus in larger groups should benefit by
receiving less aggression from territorial competitors. For the second objective, we scaled up to the entire herbivore assemblage
and used community censuses to quantify the influence of the densities of: (i) territorial competitors and (ii) potential group
participants (herbivores) on the grouping propensities and mean group sizes of roving herbivorous fish.

2. Methods
(a) Study area
We sampled reefs at two coral atolls, Kadmat and Kavaratti, in the Union Territory of Lakshadweep, India (8° N–12°N and 91°
E–74° E), which forms the northern end of the Chagos-Lakshadweep volcanic ridge (electronic supplementary material, figure
S1). These reefs host a diverse assemblage of herbivorous fish, which shows spatial variation in structure and function [38].
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Grouping behaviours in this assemblage are well described, and these islands are among the few locations where grouping
behaviour of reef fish has been systematically studied [24,25].

(b) Study system
In this region, the nominally herbivorous fish assemblage that feeds on the epilithic algal matrix (EAM) consists mainly
of species from Acanthuridae (surgeonfish) and Scarini (parrotfish) [38]. Species like Acanthurus lineatus, Acanthurus leucoster‐
non and Ctenochaetus striatus (a detritivore), typically hold territories (henceforth territorial competitors). By contrast, Scarini
(dominated by species like C. sordidus, Scarus psittacus, Scarus prasiognathus, Scarus rubroviolaceus and Chlorurus strongylocephalus)
and some Acanthurids (like Acanthurus auranticavus and Acanthurus nigricauda) are typically roving herbivores that try to access
algal resources over larger areas, including within the territories of the benthic territorial competitors, and often form foraging
groups [24].

We used a combination of focal behavioural observations and herbivore assemblage censuses to evaluate the factors
influencing feeding rates and grouping behaviour of herbivores (electronic supplementary material, table S1). We selected C.
sordidus, a small excavating parrotfish [39] for behavioural observations because it was the most abundant and most commonly
grouping parrotfish in our study sites and showed high plasticity in group sizes and composition. All data was collected using
self-contained underwater breathing apparatus (SCUBA) between January and May 2024.

(c) Focal behavioural observations
At six sites on two coral atolls—Kadmat and Kavaratti (electronic supplementary material, figure S1), we conducted 103 focal
behavioural observations [40] of individuals of the parrotfish C. sordidus foraging in a range of group sizes (from solitary to
up to 32 individuals) (electronic supplementary material, table S1; total time = 341 min). This included monospecific groups (n
= 65) and multi-species groups (n = 27) (defined as any group with more than one species). All observations were conducted
at depths of 6–12 m. We defined a foraging group as a congregation of fish that moved together or, in cases where the group
did not move, a congregation that foraged together in the same area for the entire length of the observation period, and where
individuals were not separated by more than 10 body lengths [24,25]. While some studies have used shorter inter-individual
distances to define cohesive groups of fish, these were not suitable for our study because herbivorous fish form dynamic
fission–fusion groups, and 10 body lengths falls within the range used by previous studies of mixed-species groups [41]. On
encountering a group, we haphazardly selected one individual between 12–18 cm total length for our behavioural observations.
We followed it until the group dissipated, or for 5 min, whichever was sooner. We discarded observations where the group
dissipated in less than 90 s, or if individuals showed signs of being disturbed by our presence (accelerating away from the
observer or repeated hiding under reef structure) [40]. We maintained a minimum of 2 m distance from the group which, based
on our preliminary observations, did not appear to perceivably influence the focal individual. On the rare occasion when we
lost track of the focal individual, we immediately switched to another individual of the same body size in the group, in the same
behavioural state, and in the same part of the group [33,34]. If this was not possible, we abandoned the observation. The same
area was not sampled twice to avoid repeat observations of the same groups or individuals.

During each observation, one observer noted the bites per feeding bout of the focal individual, the group composition (count,
body length and species identity of each group participant) and the species identity of the benthic territorial competitor for
each aggression event received by the focal individual. Since foraging groups showed a high degree of fission–fusion dynamics,
we considered an individual to be part of a group if it was present in the group for more than half the observation period.
Simultaneously, the second observer conducted one-to-three point counts (depending on the distance the group covered during
the observation) within a 3 m radius centred around the area where the focal individual was feeding to note the abundance
of territorial damselfish and surgeonfish. If the group did not move beyond the 3 m radius, the count was not repeated. The
second observer also visually estimated the percentage EAM cover, and structural complexity (on a scale of zero, completely
flat, to five, canopy height >1.5 m) within the same 3 m radius [42]. We divided total bites by the duration of an observation to
calculate bite rates per minute, a metric of resource acquisition rates. We restricted our behavioural observations to mornings
(09.00 to 12.00) in Kadmat and evenings (15.30 to 18.00) in Kavaratti due to logistical constraints during Ramadan, but all
observations within a site were conducted in the same time window. To account for differences in sampling time between sites,
we included site as a grouping variable with a varying intercept in our multilevel models.

(d) Quantifying fish assemblage composition, grouping propensities and group sizes
We sampled the fish assemblage at 15 sites across Kadmat and Kavaratti atolls (electronic supplementary material, figure S1).
We conducted this sampling independent of the focal follows on separate sampling instances. Since the benthic composition
and herbivore assemblage varies between the eastern and western aspect of the islands we sampled, we selected sites to
maximize spatial coverage on either aspect of each island and to capture wide gradients of herbivore densities [38,43]. We
sampled each site using haphazardly laid underwater visual censuses based on timed swims (8.5 min) along the depth contour,
each covering approximately 70 m (electronic supplementary material, table S1). Swims were conducted at a slow constant pace
to minimize variations in distance travelled. We divided our sampling effort into two depth classes, 9–14 m and 5–8 m, and
sampled 2–4 timed swims per depth class within each site (n = 73 timed swims).
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On each timed swim, one observer noted the counts of nominal herbivores (Acanthuridae and Scarini) as solitary or
grouping individuals, the size of groups, and the species identity and total length of all herbivores larger than 10 cm encoun-
tered within a 10 m belt. This was used to calculate the grouping propensity at each transect (proportion of the total herbivorous
fish forming groups). The composition of each group was also noted. While previous work has used timed random swims to
sample multi-species groups paired with separate transects to sample the herbivore assemblage [24,25], we used linear timed
swims to ensure that group composition and the herbivore assemblage were sampled at the same spatial scale in a paired
manner, while also being similar to standard belt transects widely used to sample fish communities on coral reefs. The second
observer noted the species identity and total length of all piscivorous fish (>35 cm). We classified fish into functional guilds
based on FishBase [44]. In addition, at three points along each transect (at the start, middle and end), one observer noted
the species identity, total length and counts of territorial damselfish (Pomacentridae) in a 5 m radius, and visually estimated
percentage EAM cover and structural complexity. All data was collected by the same two observers.

(e) Graphical causal models and data analyses
We used the graphical/structural causal modelling framework [45] to investigate the relative importance of factors influencing
individual foraging rates of the parrotfish species C. sordidus and grouping behaviour of herbivorous fish in coral reefs.
This method uses Directed Acyclic Graphs (DAGs) to represent the causal knowledge and assumptions about a system, and
provides a set of rules to guide statistical analysis and arrive at effects of interest while blocking assumed non-causal and
biasing paths. Our first DAG represents factors influencing foraging rates of individuals of the species C. sordidus (figure
1a), and the second DAG represents factors influencing the grouping tendencies and group sizes of herbivorous fish at a
site (figure 2a), including confounders and mediators. In both the DAGs, ‘site’ was added post hoc to represent potential
unidentified or unmeasured site-level confounders [46]. Details about the structure, construction, and implementation of the
DAGs are provided in the electronic supplementary material (ESM) (§1, tables S2, S3). Interpreting our results as causal effects
requires the strong assumption that there are no confounding variables other than those specified in the DAGs—including
potential individual-level confounds such as physiological state and feeding motivation that could not be accounted for in the
observational design we used.

We tested our DAGs for consistency with data (electronic supplementary material, S2, tables S4, S5), and subsequently
used them to select adjustment variables for each direct relationship of interest such that all non-causal and indirect paths
were blocked [47] (electronic supplementary material, S3). To account for potential unobserved and unidentified confounding
variables at the site level we used a group mean covariate design in our statistical models, a type of correlated random effects
design [46] (electronic supplementary material, S1 and S3). We calculated group-level, or site-level, means of a causal variable of
interest and included them as a predictor. We used site as a random intercept to account for the clustering of observations.

Figure 1. Social foraging facilitates herbivory, but the foraging benefit is only weakly mediated by dilution in aggression. (a) Directed Acyclic Graph (DAG) representing
foraging by individual Chlorurus sordidus. Each directed arrow represents a hypothesized causal relationship, and the lack of an arrow conveys an assumed lack of
a direct causal relationship. (b) Conceptual diagram summarizing the behavioural relationships investigated for C. sordidus. Coloured arrows in the DAG and the
conceptual figure correspond to modelled relationships sharing the same colours in other panels. We investigated the effects of group size on individual feeding rates
(blue) and the rates of aggression received from territorial competitors (yellow); and the effect of aggression received on feeding rates (red). (c) Group size had a direct
positive effect on feeding rates of C. sordidus, providing a foraging benefit in larger groups; (d) expected marginal predictions of potential algal consumption by a C.
sordidus individual feeding alone and in groups of 15 or 30 individuals assuming a body size of 14.5 cm (main figure) and using the observed distribution of body
sizes (inset); x-axis truncated for visualization; (e) shows the direct negative effect of aggression received from territorial competitors on bite rates suggesting that
experiencing aggression could be a cost to foraging, and (f) shows a minimal negative effect of group size on aggression received by C. sordidus. (c), (e) and (f) show
conditional effects from corresponding models with other variables set at their mean; shaded regions represent 80% and 95% credible intervals around the posterior
mean (black line); points are raw data. Inserts are posterior distributions with mean and credible intervals (circle and line) without back-transformation. Fish vectors:
Joanna Woerner and Tracey Saxby Integration and Application Network (ian.umces.edu/media-library).
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(i) Effect of group sizes on herbivory

To quantify the effect of group sizes on herbivory, we estimated the direct effect of group sizes on the bite rates of C. sordidus
(figure 1a and 1b). The statistical model (with scaled predictors) derived from our DAG (electronic supplementary material, S3)
was: Bite ratei ∼  Gamma μi,  sℎapelog μi =  αsite +  β1Group size +  β2Aggression received +  β3Algae +  β4Structure +  β5Group sizeSite
Then, to estimate per-capita herbivory differences for an individual feeding in groups of different sizes, we first calculated
the biomass of algae removed per bite by an individual using a published relationship between bite size and body length for
Scarines [48,49]:

Algal biomass removed per bite g dry wt algae bite−1  = 5 × 10−10 × Total lengtℎ cm 4.3755

We did this: (i) for individuals of 14.5 cm because that was the mean total length of individuals in our observations, and (ii)
using the observed distribution of body sizes from the behavioural observations. Then, assuming 10.5 h of foraging per day,
we used our statistical model of bite rates to predict the total bites taken by an individual in groups of different sizes. We
multiplied total bites per day with amount of algae removed per bite to calculate the biomass of algae removed per day, for
individuals feeding in groups of different sizes. The relationship used to estimate algal biomass removal potential was derived
for Caribbean parrotfish species [48,49], thus we interpret the relative differences in estimated values in groups of different sizes
instead of absolute values.

(ii) Testing the resource-competition hypothesis at the individual scale

First, to test whether receiving aggression from territorial competitors could be a foraging cost, we estimated the effect of
aggression from territorial competitors on the feeding rates of C. sordidus (figure 1a and figure 1b). According to our DAG, our
previous model of bite rates was consistent with inferring the effect of aggression on bite rates since it blocked all biasing paths
by controlling for the confounders—algae, group size, structure and site. Then, to test a prediction of the resource-competition
hypothesis—that individuals in larger groups should benefit by receiving lower aggression from territorial competitors, we
wanted to estimate the effect of group sizes on aggression rates received by herbivores. Since many individuals did not
experience any aggression, we used a hurdle-gamma model for aggression rates. A hurdle model is a two-part model—the first
part models whether the response (aggression rate) is zero or non-zero using a logistic model, and the second part models the
non-zero data as another distribution [50,51]. While hurdle models are generally used to model two-step processes [52], we
used the first part of the hurdle-gamma model—the logistic part—to interpret whether group size influences the probability of
receiving no aggression, and the second part—the gamma model—to estimate how group size influences aggression rates for
individuals that do receive aggression. We removed a group of 26 individuals from this analysis because our focal individual

Figure 2. Influence of resource defence by territorial competitors and density dependence on grouping propensities and mean group sizes of grazing herbivorous fish.
(a) Directed Acyclic Graph for factors influencing grouping propensity and mean group sizes of a herbivorous coral reef fish assemblage, coloured arrows represent
modelled relationships of interest and correspond to colours in other panels. (b) Illustration showing gradients of the density of territorial competitors (resource
defence) and grazing herbivores. (c) to (f): graphs showing the direct effects of density of territorial individuals on grouping propensity (c) and mean group sizes (d);
and the direct effects of grazing herbivore density on grouping propensity (e) and mean group sizes (f).  (c) to (f) show conditional effects from corresponding models
with other variables set at their mean; shaded regions represent 80% and 95% credible intervals around the posterior mean (black line); points are raw data. Inserts
are posterior distributions with mean and credible intervals (circle and line) without back-transformation. The x-axis in (f) was truncated at 250 for clear visualization.
Fish vectors: Joanna Woerner and Tracey Saxby, Integration and Application Network (ian.umces.edu/media-library).
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in that group received more than six aggressive encounters from the same A. lineatus individual towards the end of our
observation, was chased for a very long distance and then left the group. The model structure (with scaled predictors) based on
our DAG, which controlled for the two confounders, algae and total aggressors in the feeding area, was:Aggression rate received ∼  Hurdle −  Gamma ℎu,  mu,  scalelogit ℎu =  αsiteℎ +  β1Group size +  β2Aggressors +  β3Algae +  β4Group sizeSite

log mu =  αsitem +  β5Group size +  β6Aggressors +  β7Algae +  β8Group sizeSite
(iii) Community-scale drivers of herbivore grouping

We tested how the extent of resource defence (densities of territorial competitors) and herbivore densities influence the
grouping propensities and mean group sizes of herbivores. We modelled the grouping propensities of herbivores, or proportion
of the herbivore assemblage that was participating in groups, on a transect using a beta multilevel model. We considered
Acanthurus leucosternon, Acanthurus lineatus, Ctenochaetus striatus, Plectroglyphidodon lacrymatus and Pomacentrus chrysurus to
be territorial herbivores based on our observations and published evidence that they hold territories and aggressively chase
intruders [18,53]. On one transect, we encountered a group of A. leucosternon. We did not include these individuals in either—
group or territorial individuals. We jittered one response from a value of 1 to 0.99999 to be able to model the proportion of
shoaling individuals as a beta distribution. The model structure (with scaled predictors), consistent with inferring the effect of
both herbivore density and territorial competitor density (electronic supplementary material, S3) was:Grouping propensityi ∼  Beta μi,  φlogit μi = αsite +  β1Herbivore density +  β2Territorial competitor density

+ β3Algae +  β4Structure +  β5Predators +  β6Herbivore densitySite
For modelling mean group sizes on a transect, we used a gamma multilevel model. The model structure (with scaled predictors)
(electronic supplementary material, S3) was: Mean group sizei ∼  Gamma μi,  sℎapelog μi = αsite +  β1Herbivore density +  β2Territorial competitor density

+ β3Algae +  β4Structure +  β5Predators +  β6Herbivore densitySite
(iv) Model fitting

We fitted all Bayesian models using the R (v. 4.4.1) [54] package brms [55], which uses STAN. We ran our models with four
Markov chains, having 8000 iterations each of which 1000 were warm-up iterations. We increased the adapt delta control
parameter to reduce the step size and reduce divergent transitions in the Markov Chain Monte Carlo (MCMC) sampling to
under three. We visually assessed model fit using posterior predictive checks, and checked for convergence using trace plots,
effective sample sizes and R-hat values [56]. We used informative priors suggestive of the prior expectations of directions of
effects, but wide enough to not constrain posteriors to either direction. Rationale for the prior distributions, which were decided
based on literature and domain knowledge is provided in the electronic supplementary material, tables S6–S9.

To test the sensitivity of our inferences to certain assumptions, exclusion of some data and choice of priors, we performed a
series of sensitivity analyses (electronic supplementary material, S5).

3. Results
(a) Per-capita herbivory increases with group sizes
Increasing group sizes had a direct positive effect on the bite rates of C. sordidus (β = 0.18, 95% credible interval (CI) = 0.09
to 0.27, log scale; figure 1c; electronic supplementary material, table S9), indicating a foraging benefit in larger groups. This
translated to differences in functional contributions in the form of higher per-capita algal consumption in larger groups,
with individuals in groups of 30 having almost 116% (standard deviation, s.d. = 43 percentage points) higher predicted algal
consumption potential compared with those feeding alone (figure 1d).

(b) Access to defended resources may weakly mediate individual benefits of social foraging
Aggression from territorial competitors reduced a forager’s feeding rates (β = −0.13, 95% CI = −0.21 to −0.04, log scale; figure 1e;
electronic supplementary material, table S10). However, increasing group sizes led to only very weak reductions in per-capita
aggression received from territorial competitors (figure 1f). The logistic part of the hurdle-gamma model suggested negligible
changes in the probability of receiving zero aggression in different group sizes (β = 0.29, 95% CI = −0.15 to 0.75, logit scale;
electronic supplementary material, table S11) since the posterior distribution of the hurdle parameter was centred close to zero.
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Meanwhile, the gamma part suggested that increasing group sizes led to a weak reduction in aggression received by a forager,
with ~97% of the posterior probability of the group size coefficient lying below zero (β = −0.15, 95% CI = −0.30 to 0.01, log scale;
figure 1f). However, the strength of this effect was also very weak.

(c) Group composition and drivers of grouping for the herbivore assemblage
We recorded 21 species of grazing herbivores in groups. Groups were dominated by C. sordidus, which constituted ~45% of all
observed grouping individuals (figure 3) and had the highest percentage occurrence in groups (observed in ~64% of all groups;
figure 3).

Our assemblage-wide analysis of grouping behaviour among roving herbivores provided some support for the resource
competition hypothesis. Territorial competitor densities had a positive effect on the grouping propensity of herbivores (β = 0.35,
95% CI = 0.12 to 0.60, logit scale; figure 2c; electronic supplementary material, table S11) and a very weak effect on mean group
sizes (β = 0.10, 95% CI = −0.00 to 0.21, log scale; figure 2d; electronic supplementary material, table S12). The effect size of the
latter relationship had a 97% posterior probability of being positive, but it was extremely small in magnitude.

By contrast, grouping behaviour showed strong positive density dependence. Both grouping propensity (β = 0.77, 95% CI =
0.45 to 1.09, logit scale; figure 2e; electronic supplementary material, table S11) and mean group sizes (β = 0.55, 95% CI = 0.42 to
0.67, log scale; figure 2f; electronic supplementary material, table S12) of roving herbivores showed strong positive responses to
increasing herbivore densities.

None of the results were qualitatively sensitive to the choice of priors and estimates of interest only varied by ±0.01 on
using weakly informative priors. The results and inferences were robust to the exclusion of five repeat observations, removal of
multi-species groups, and an interaction term between algae and structural complexity (electronic supplementary material, S5,
tables S14–S28).

4. Discussion
Behavioural variation within and between populations can influence faunal-mediated ecosystem functions [3,12]. Incorporating
this variation into current models and methods of assessing functional rates requires identifying causal links between behav-
iours and animals’ functional contributions [13], and identifying the mechanisms that drive this variation. Using a combination
of individual-level observations and assemblage-scale surveys, we first demonstrated that variation in social behaviour can
influence an individual’s functional contribution. We then identified drivers of variation in this social behaviour at both the
individual and assemblage scale.

(a) Individual behaviour–function covariation: social foraging can facilitate herbivory
Our results demonstrate that the benefits of social foraging translate to higher per-capita herbivory—C. sordidus individuals in
large groups (30 or more) had 116% (s.d. = 43 percentage points) higher predicted mean per-capita algal consumption potential
than those feeding alone. We quantified this relationship only for C. sordidus, which was present in 64% of all observed groups
during our censuses and made up 45% of all grouping individuals (figure 3). While the magnitude of the relationship may vary
by species, our preliminary observations of two other herbivorous fish species (Scarus prasiognathus and Acanthurus auranticavus)
indicate that this may be a more general pattern across the herbivore assemblage (HT, personal observation, 2024 ). Thus,
the same population of herbivores could differ substantially in their contribution to the function of herbivory depending on
the distribution of grouping tendencies and group sizes in the population. More generally, this suggests that the expression
of behavioural traits in a population can influence relevant ecosystem-scale functional rates. Several other studies, in both
invertebrates and vertebrates, have demonstrated behaviour–function covariations [3,12,26]. Our results, together with these
studies, highlight the importance of incorporating behaviour in assessments and predictions of faunal-mediated ecosystem
functions, and explain why widely used static proxies, such as biomass, usually fail to reliably approximate functional rates
[9,10].

While it has long been recognized that broad-scale patterns and processes are governed by processes operating at smaller
scales [58], incorporating individual-level processes into large-scale assessments of ecosystem functioning is challenging in
real-world conditions. Using social foraging by herbivorous coral reef fish as a model, our results demonstrate that investiga-
tions of the putative causes of behavioural variation can identify easily measurable drivers of this variation in functionally
relevant behaviours. We believe this is essential for improving assessments of ecosystem functions and understanding how
altered animal behaviours could affect ecosystem functions in rapidly changing environments.

(b) Drivers of behavioural variation: does resource competition or density dependence drive herbivore grouping?
Our individual-scale analysis suggested that aggression from territorial competitors could be a cost to foraging for C. sordidus
(figure 1e). While the resource-competition hypothesis predicts that non-territorial individuals overcome this cost by forming
groups, our results provide only weak support for this prediction—increasing group sizes led to minimal reductions in
aggression from territorial competitors—indicating that this mechanism may not be the primary mediator of the foraging
benefit of grouping (figure 1f). This contrasts with previous studies which have attributed the foraging benefits of grouping
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to the dilution of aggression received from resource defenders [33–35,59]. Invariably, most studies have considered resources
defended by algae-farming damselfish—which strongly defend a highly productive resource [60]. However, on many reefs,
algae-farming damselfish are not present in high densities and large areas of algal turfs, or the epilithic algal matrix, are
defended by other less aggressive herbivores, such as surgeonfish [18,53,61]. Most of the aggressive encounters that C. sordidus
individuals received in our observations were from these surgeonfish. However, the maximum aggression received, and
variation in aggression, appeared to decrease in larger groups—potentially making aggression received in larger groups more
predictable for participating individuals. This hypothesis can be tested by comparing the variability of aggression received in
groups of different sizes. Animals modify their behaviour based on the predictability of resources and predation risk [62,63].
Similarly, they may benefit from higher predictability of potentially costly agonistic interactions while feeding. The adaptive
benefits of social foraging are well documented across taxa, and the mechanisms through which they arise are variable [29]. An
increase in feeding rates may result from mechanisms other than reduced aggression in larger groups, including a reduction in
investment in vigilance [64], enhanced resource discovery [27,65], and generally from social information about resources and
predation threat [66]. Further investigations to isolate the relative contributions of these mechanisms could be fruitful and could
help us understand how environmental stressors influence the trade-offs involved in social foraging.

Scaling up to the entire assemblage of herbivores, our study provides some support for a reef-scale prediction of
the resource-competition hypothesis—herbivores in areas with higher territorial competitor densities had higher grouping
tendencies (figure 2c). However, mean group sizes only increased marginally (figure 2d). Together with our individual-level
results—that the foraging benefit in larger groups was mediated only weakly by reduced aggression—these results suggest
that interference competition, or competitive aggression, may not be as strong a driver of grouping at ecosystem scales as
previously considered. Since the extent of competition depends on the degree of resource overlap [67], we expect grouping to
be primarily driven by resource defence in situations where non-territorial individuals share a high degree of resource overlap
with territorial individuals that strongly defend a limiting resource. In other cases, increasing group sizes beyond a certain
point may provide diminishing benefits in accessing algal resources through dilution of aggression [68]. Previous experiments
that removed territorial algae-farming damselfish to eliminate resource defence observed that the bite rates of solitary feeding
roving herbivores in removal areas increased to a level comparable with those of schooling individuals [33,34]. While these
elegant experiments provide strong evidence that grouping enables individuals to overcome resource defence and increase
feeding rates inside territories, they do not explicitly test the hypothesis that resource competition causes group formation—
which would predict a decrease in group formation on removal of territorial species.

Figure 3. A schematic of the quantified effects and network plot summarizing group composition observed in 560 multi-species herbivore groups across 73 timed
swims. Solid arrows represent effects of interest (blue—positive effects; red—negative effects) and dotted arrows represent the effects that were controlled for. Thin
coloured arrows represent weak effects. Figure numbers corresponding to the effects of interest are indicated. In the network plot, each node represents a species.
The size of a node represents the proportion of groups in which a species was observed. Node colour represents the proportion of total grouping individuals across all
surveys of that species. Edge width represents a measure of association strength—simple ratio index (SRI) = AB / A+B + AB, where AB is the number of times both
species occurred in groups, and A and B are the of times one of the species occurred in groups [57]. Three species which were only observed in single species groups
are not presented. C.: Chlorurus; S.: Scarus; Ct.: Ctenochaetus; H.: Hipposcarus; A.: Acanthurus; Z.: Zebrasoma. C. sordidus picture: Rickard Zerpe, CC BY 2.0 (Wikimedia
Commons).
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Notably, our results suggest that the grouping behaviour of herbivorous coral reef fish is positively density dependent,
a finding consistent with evidence from laboratory and field studies of multiple taxa [69]. While evidence exists for density
dependence of group sizes [36], our findings indicate that grouping propensities—the likelihood of individuals joining groups
—may also be positively density dependent. This suggests that social attraction and grouping behaviour can be constrained
by density-dependent probabilistic processes (encounter rates between individuals) under natural conditions [69]. Similar
density dependence of grouping has been reported for pelagic fish, where rapid formation of large shoals occurs when a
critical population density of loosely scattered individuals is achieved [70]. For animals which form both single-species and
multi-species groups [24,31], at higher population densities, each individual may be more likely to encounter a partner or a
group such that it can minimize the activity matching costs of grouping, while also accruing the benefits of group membership
[37]. This might explain the increase in grouping propensities at high herbivore densities.

(c) Behavioural variation and ecosystem functioning
Competitive and facilitative interactions are known to structure populations and communities in both terrestrial and marine
systems, with subsequent impacts on ecosystem functions [71]. If grouping tendencies vary in response to interspecific
competitive interactions between guilds, the spatial distribution of territoriality could have consequences for benthic commun-
ity structure and functioning [72]. Since grouping appears to enhance herbivory, the spatial distribution of territoriality on a
reef could lead to spatial heterogeneity of herbivory pressure [73], mediated by changes in grouping behaviour. However, these
effects could vary based on the composition of the territorial fish assemblage, which would influence the degree of resource
defence. A recent study found that the spatial variation in the aggression levels of territorial damselfish can influence fine-scale
space use by other non-herbivorous fish [73], similar to the behaviour-mediated effects of predators on prey populations, which
can lead to patchiness in herbivory [74,75]. Disturbance events, leading to loss of corals and structural complexity on reefs, can
alter the abundance and aggressive behaviour of territorial fish [76]. This may further influence the rates and spatial distribution
of herbivory, mediated by changes in grouping behaviour.

The positive density dependence of grouping propensity and group sizes could have important consequences for functions
associated with grouping, especially herbivory, making them particularly sensitive to the demography of herbivore populations.
Since social foraging enhances per-capita herbivory, positive density dependence of grouping indicates that individual foraging
rates, and the function of herbivory, may decline nonlinearly with depleting herbivore populations [26]. Similar effects have
been previously described in coral reefs, where behavioural feedbacks in foraging behaviour lead to nonlinear decreases in
herbivory with rapid fishing because fish use social cues while foraging—which become less available at lower fish densities—
giving rise to Allee effects [6,26]. In other words, at lower herbivore densities, fewer individuals might participate in groups
and the resultant groups might be smaller. Thus, reduction in herbivory could be more severe than expected by most models
using biomass as a proxy of herbivory—which would predict declines proportionate to biomass. Herbivores are significant
determinants of producer community structure and productivity across systems—including savannas, salt marshes and coral
reefs [77–79]. In reefs subject to frequent coral mass mortalities, density-dependent reductions in herbivory could impede coral
recovery by failing to control the growth of space occupying algae [77].

C. sordidus was the most abundant in a large assemblage of interacting herbivores. Our results show that different functional
groups of herbivores (scrapers, excavators, croppers) associate in multi-species social foraging networks (figure 3). These
multi-functional associations have important implications for the spatial distribution of herbivory. For instance, herbivory on
reefs may be restricted to relatively small patches, with different functional groups showing limited functional overlap, leading
to high spatial complementarity [80]. However, herbivores forage across larger areas [18] and at higher feeding rates when in
groups. This suggests that density-dependent social foraging could be important for expanding the spatial distribution and
intensity of herbivory across different functional groups, thereby increasing functional redundancy. Studies on birds suggest
that species associations in groups can change with structural complexity and resources [81]—both of which are rapidly
changing on coral reefs [22]. Predicting how changes in group composition could influence functional roles requires under-
standing how the individual-level costs and benefits of grouping vary with group composition and the mechanisms governing
group choice of animals—a promising avenue for future research [32,82]. Although extensive studies on mixed-species flocks
of birds have generated insights on the causes of group formation, future work will benefit from also focusing on other taxa,
including herbivorous fish [32]—given their functional relevance across marine ecosystems, and the opportunity to test the
generality of our current understanding of group dynamics. While we tested the role of resource competition and density
dependence on social foraging, future work will benefit from examining the effect of predation threat under natural settings
since predation avoidance is a ubiquitous benefit of grouping [29]. For instance, coral reef fisheries often target large piscivorous
fish, and how their extraction could influence functions is an important area of research [83].

Our analyses account for multiple confounding variables at the individual and transect scale, and potential unobserved
confounds at the site scale, but there may be other unobserved confounds, particularly at the individual level. For example,
both feeding behaviour and the tendency to participate in groups are influenced by the physiological state of an individual [66].
While such individual-level decisions may govern the mechanisms behind social foraging, they would not mask the observed
relationships in our study. It is also important to note that the model of bite rates may slightly overestimate the differences in
foraging between small and large groups (figure 1d, electronic supplementary material, figure S2).
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5. Conclusion
Recent theoretical and empirical advancements have highlighted that animal behaviour can have profound impacts on
ecosystem functioning [3,6,26,84]. Since behavioural modifications are often an animal’s first responses to anthropogenic
stressors [85,86], understanding the links between animal behaviour and ecosystem function is essential to predict how
ecosystem functions and services will respond to rapid environmental change. Our behavioural analyses quantify the indi-
vidual-level benefits of grouping and how they translate to per-capita herbivory, and our assemblage-scale analyses identify
easily measurable drivers of variation in grouping—linking individual behavioural variation with contributions to ecosystem
functioning. This highlights the critical need to imagine ecosystems as dynamic networks of interacting, and behaving,
organisms—whose actions contribute to the flow of energy. Incorporating this reality in quantitative frameworks has the
potential to synthesize our understanding of organismal and functional ecology—for a more complete understanding of how
our ecosystems function and how they will respond to rapid change.

Ethics. Permission for this study was granted by Department of Environment and Forests, Union Territory Lakshadweep (F.No.1/5/2023-E&F/942).
Data accessibility. All data is available on Dryad [87] and the code can be accessed through Zenodo [88].

Supplementary material is available online [89].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. H.T.: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project
administration, visualization, writing—original draft; A.P.: conceptualization, data curation, investigation, methodology, project administration,
writing—review and editing; T.A.: conceptualization, data curation, formal analysis, investigation, methodology, project administration,
supervision, writing—review and editing; R.K.: conceptualization, funding acquisition, investigation, methodology, project administration,
supervision, writing—review and editing; W.P.: conceptualization, writing—review and editing; S.J.: conceptualization, writing—review
and editing; S.B.: data curation, investigation, writing—review and editing; R.A.: conceptualization, data curation, funding acquisition,
investigation, methodology, project administration, supervision, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This work was supported by Fisheries Society of the British Isles through a Small Research Grant to H.T. (FSBI-RG23-555). NCF received
funding support from Shri AMM Murugappa Chettiar Research Centre (MCRC), Ashraya Hasta Trust, Cholamandalam Investment and Finance
Company Ltd., Arvind Datar and Muthukumaran Educational Trust. The Spanish National Research Council supported T.A. through the
Memorandum of Understanding between Centre d’Estudis Avançats de Blanes (CEAB, CSIC) and Nature Conservation Foundation (NCF). R.K.
was supported by a grant from the National Geographic Society (NGS 96905R-22).
Acknowledgements. We thank NCBS–TIFR, and Nature Conservation Foundation for institutional, funding and administrative support. This work
was supported by the Department of Atomic Energy, Government of India, Project Identification No. RTI 4006. We thank Fisheries Society of
the British Isles for a Small Research Grant to H.T. (FSBI-RG23-555) which supported this work. We thank Dr Sandeep Pulla and Dr Jagdish
Krishnaswamy for useful advice on the statistical analysis. We are grateful to three anonymous reviewers for their constructive feedback. Anwar
Hussain, LakScuba Kavaratti and ESMUC Kadmat provided immense logistical support for fieldwork. We are grateful to Mayukh Dey, Radhika
Nair and Herman Ramesh for discussions on this work. We acknowledge the support of the Department of Environment and Forests, Union
Territory Lakshadweep for providing permission to carry out this study (F.No.1/5/2023-E&F/942).

References
1. Sih A, Stamps J, Yang LH, McElreath R, Ramenofsky M. 2010 Behavior as a key component of integrative biology in a human-altered world. Integr. Comp. Biol. 50, 934–944. (doi:10.

1093/icb/icq148)
2. Raffard A, Lecerf A, Cote J, Buoro M, Lassus R, Cucherousset J. 2017 The functional syndrome: linking individual trait variability to ecosystem functioning. Proc. R. Soc. B 284,

20171893. (doi:10.1098/rspb.2017.1893)
3. Allgeier JE, Cline TJ, Walsworth TE, Wathen G, Layman CA, Schindler DE. 2020 Individual behavior drives ecosystem function and the impacts of harvest. Sci. Adv. 6, eaax8329. (doi:

10.1126/sciadv.aax8329)
4. Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012 Ecological implications of behavioural syndromes. Ecol. Lett. 15, 278–289. (doi:10.1111/j.1461-0248.2011.01731.x)
5. Strandburg-Peshkin A, Farine DR, Couzin ID, Crofoot MC. 2015 Shared decision-making drives collective movement in wild baboons. Science 348, 1358–1361. (doi:10.1126/science.

aaa5099)
6. Gil MA, Baskett ML, Munch SB, Hein AM. 2020 Fast behavioral feedbacks make ecosystems sensitive to pace and not just magnitude of anthropogenic environmental change. Proc.

Natl Acad. Sci. USA 117, 25580–25589. (doi:10.1073/pnas.2003301117)
7. Williams SM, Sánchez‐Godínez C, Newman SP, Cortés J. 2017 Ecological assessments of the coral reef communities in the Eastern Caribbean and the effects of herbivory in

influencing coral juvenile density and algal cover. Mar. Ecol. 38, e12395. (doi:10.1111/maec.12395)
8. Semmler RF, Brandl SJ, Keith SA, Bellwood DR. 2021 Fine-scale foraging behavior reveals differences in the functional roles of herbivorous reef fishes. Ecol. Evol. 11, 4898–4908.

(doi:10.1002/ece3.7398)
9. Cook DT, Holbrook SJ, Schmitt RJ. 2025 Patterns and implications of spatial covariation in herbivore functions on resilience of coral reefs. Sci. Rep. 15, 1176. (doi:10.1038/s41598-

024-83672-1)
10. Schiettekatte NMD et al. 2022 Biological trade-offs underpin coral reef ecosystem functioning. Nat. Ecol. Evol. 6, 701–708. (doi:10.1038/s41559-022-01710-5)
11. Wohlgemuth D, Solan M, Godbold JA. 2017 Species contributions to ecosystem process and function can be population dependent and modified by biotic and abiotic setting. Proc.

R. Soc. B 284, 20162805. (doi:10.1098/rspb.2016.2805)
12. Cassidy C, Grange LJ, Garcia C, Bolam SG, Godbold JA. 2020 Species interactions and environmental context affect intraspecific behavioural trait variation and ecosystem function.

Proc. R. Soc. B 287, 20192143. (doi:10.1098/rspb.2019.2143)
13. Bellwood DR, Streit RP, Brandl SJ, Tebbett SB. 2019 The meaning of the term ‘function’ in ecology: a coral reef perspective. Funct. Ecol. 33, 948–961. (doi:10.1111/1365-2435.

13265)

10

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293: 20251919

http://dx.doi.org/10.1093/icb/icq148
http://dx.doi.org/10.1093/icb/icq148
http://dx.doi.org/10.1098/rspb.2017.1893
http://dx.doi.org/10.1126/sciadv.aax8329
http://dx.doi.org/10.1111/j.1461-0248.2011.01731.x
http://dx.doi.org/10.1126/science.aaa5099
http://dx.doi.org/10.1126/science.aaa5099
http://dx.doi.org/10.1073/pnas.2003301117
http://dx.doi.org/10.1111/maec.12395
http://dx.doi.org/10.1002/ece3.7398
http://dx.doi.org/10.1038/s41598-024-83672-1
http://dx.doi.org/10.1038/s41598-024-83672-1
http://dx.doi.org/10.1038/s41559-022-01710-5
http://dx.doi.org/10.1098/rspb.2016.2805
http://dx.doi.org/10.1098/rspb.2019.2143
http://dx.doi.org/10.1111/1365-2435.13265
http://dx.doi.org/10.1111/1365-2435.13265


14. Nagelkerken I, Munday PL. 2016 Animal behaviour shapes the ecological effects of ocean acidification and warming: moving from individual to community-level responses. Glob.
Chang. Biol. 22, 974–989. (doi:10.1111/gcb.13167)

15. Buñuel X, Alcoverro T, Pagès JF, Romero J, Ruiz JM, Arthur R. 2020 The dominant seagrass herbivore Sarpa salpa shifts its shoaling and feeding strategies as they grow. Sci. Rep. 10,
10622. (doi:10.1038/s41598-020-67498-1)

16. Streit RP, Bellwood DR. 2023 To harness traits for ecology, let’s abandon ‘functionality’. Trends Ecol. Evol. 38, 402–411. (doi:10.1016/j.tree.2022.11.009)
17. Schmitz OJ, Grabowski JH, Peckarsky BL, Preisser EL, Trussell GC, Vonesh JR. 2008 From individuals to ecosystem function: toward an integration of evolutionary and ecosystem

ecology. Ecology 89, 2436–2445. (doi:10.1890/07-1030.1)
18. Guerra AS, Van Wert JC, Haupt AJ, McCauley DJ, Eliason EJ, Young HS, Lecchini D, White TD, Caselle JE. 2023 Differences in the behavior and diet between shoaling and solitary

surgeonfish (Acanthurus triostegus). Ecol. Evol. 13, e9686. (doi:10.1002/ece3.9686)
19. Choat JH, Clements KD. 1998 Vertebrate herbivores in marine and terrestrial environments: a nutritional ecology perspective. Annu. Rev. Ecol. Syst. 29, 375–403. (doi:10.1146/

annurev.ecolsys.29.1.375)
20. Brandl SJ, Rasher DB, Côté IM, Casey JM, Darling ES, Lefcheck JS, Duffy JE. 2019 Coral reef ecosystem functioning: eight core processes and the role of biodiversity. Front. Ecol. Environ.

17, 445–454. (doi:10.1002/fee.2088)
21. Hughes TP et al. 2007 Phase shifts, herbivory, and the resilience of coral reefs to climate change. Curr. Biol. 17, 360–365. (doi:10.1016/j.cub.2006.12.049)
22. Hughes TP et al. 2017 Coral reefs in the Anthropocene. Nature 546, 82–90. (doi:10.1038/nature22901)
23. Barlow GW. 1974 Extraspecific imposition of social grouping among surgeonfishes (Pisces: Acanthuridae). J. Zool. 174, 333–340. (doi:10.1111/j.1469-7998.1974.tb03161.x)
24. Theo AH, Shanker K. 2022 Composition and behavior of mixed-species foraging groups of reef fish in the Lakshadweep islands, India. Bull. Mar. Sci. 98, 53–72. (doi:10.5343/bms.

2020.0054)
25. Theo AH, Shanker K. 2023 Mixed-species groups of herbivorous reef fishes show variable responses to ecosystem perturbations in the Lakshadweep Islands, India. Phil. Trans. R. Soc.

B 378, 20220095. (doi:10.1098/rstb.2022.0095)
26. Gil MA, Hein AM. 2017 Social interactions among grazing reef fish drive material flux in a coral reef ecosystem. Proc. Natl Acad. Sci. USA 114, 4703–4708. (doi:10.1073/pnas.

1615652114)
27. Snijders L, Krause S, Tump AN, Breuker M, Ortiz C, Rizzi S, Ramnarine IW, Krause J, Kurvers RHJM. 2021 Causal evidence for the adaptive benefits of social foraging in the wild.

Commun. Biol. 4, 1–8. (doi:10.1038/s42003-020-01597-7)
28. Della Libera K, Strandburg-Peshkin A, Griffith SC, Leu ST. 2023 Fission-fusion dynamics in sheep: the influence of resource distribution and temporal activity patterns. R. Soc. Open

Sci. 10, 230402. (doi:10.1098/rsos.230402)
29. Alexander RD. 1974 The evolution of social behavior. Annu. Rev. Ecol. Evol. Syst. 5, 325–383. (doi:10.1146/annurev.es.05.110174.001545)
30. Clark CW, Mangel M. 1986 The evolutionary advantages of group foraging. Theor. Popul. Biol. 30, 45–75. (doi:10.1016/0040-5809(86)90024-9)
31. Paijmans KC, Booth DJ, Wong MYL. 2019 Towards an ultimate explanation for mixed‐species shoaling. Fish Fish. 20, 921–933. (doi:10.1111/faf.12384)
32. Goodale E et al. 2020 Mixed company: a framework for understanding the composition and organization of mixed-species animal groups. Biol. Rev. 95, 889–910. (doi:10.1111/brv.

12591)
33. Foster SA. 1985 Group foraging by a coral reef fish: a mechanism for gaining access to defended resources. Anim. Behav. 33, 782–792. (doi:10.1016/S0003-3472(85)80011-7)
34. Robertson DR, Sweatman HPA, Fletcher EA, Cleland MG. 1976 Schooling as a mechanism for circumventing the territoriality of competitors. Ecology 57, 1208–1220. (doi:10.2307/

1935045)
35. Hourigan TF. 1986 An experimental removal of a territorial pomacentrid: effects on the occurrence and behavior of competitors. Environ. Biol. Fishes 15, 161–169. (doi:10.1007/

BF00002991)
36. Krause J, Ruxton G. 2002 Living in groups. Oxford, NY: Oxford University Press.
37. Sridhar H, Guttal V. 2018 Friendship across species borders: factors that facilitate and constrain heterospecific sociality. Phil. Trans. R. Soc. B 373, 20170014. (doi:10.1098/rstb.2017.

0014)
38. Karkarey R, Rathod P, Arthur R, Yadav S, Theo A, Alcoverro T. 2020 Wave exposure reduces herbivory in post-disturbed reefs by filtering species composition, abundance and

behaviour of key fish herbivores. Sci. Rep. 10, 9854. (doi:10.1038/s41598-020-66475-y)
39. Bellwood DR, Choat JH. 1990 A functional analysis of grazing in parrotfishes (family Scaridae): the ecological implications. In Alternative life-history styles of fishes (ed. MN Bruton),

pp. 189–214. Dordrecht, The Netherlands: Springer Netherlands. (doi:10.1007/978-94-009-2065-1_11)
40. Fox RJ, Bellwood DR. 2007 Quantifying herbivory across a coral reef depth gradient. Mar. Ecol. Prog. Ser. 339, 49–59. (doi:10.3354/meps339049)
41. Saltz JB, Palmer MS, Beaudrot L. 2023 Identifying the social context of single- and mixed-species group formation in large African herbivores. Phil. Trans. R. Soc. B 378, 20220105.

(doi:10.1098/rstb.2022.0105)
42. Wilson SK, Graham NAJ, Polunin NVC. 2007 Appraisal of visual assessments of habitat complexity and benthic composition on coral reefs. Mar. Biol. 151, 1069–1076. (doi:10.1007/

s00227-006-0538-3)
43. Arthur R, Done TJ, Marsh H, Harriott V. 2006 Local processes strongly influence post-bleaching benthic recovery in the Lakshadweep Islands. Coral Reefs 25, 427–440. (doi:10.1007/

s00338-006-0127-4)
44. Froese R, Pauly D (eds). 2025 FishBase. World Wide Web electronic publication. See https://www.fishbase.org/ (accessed 6 June 2025).
45. Pearl J. 1995 Causal diagrams for empirical research. Biometrika 82, 669–688. (doi:10.1093/biomet/82.4.669)
46. Byrnes JEK, Dee LE. 2025 Causal inference with observational data and unobserved confounding variables. Ecol. Lett. 28, e70023. (doi:10.1111/ele.70023)
47. Arif S, MacNeil MA. 2023 Applying the structural causal model framework for observational causal inference in ecology. Ecol. Monogr. 93, e1554. (doi:10.1002/ecm.1554)
48. Kelly ELA, Eynaud Y, Williams ID, Sparks RT, Dailer ML, Sandin SA, Smith JE. 2017 A budget of algal production and consumption by herbivorous fish in an herbivore fisheries

management area, Maui, Hawaii. Ecosphere 8, e01899. (doi:10.1002/ecs2.1899)
49. Van Rooij JM, Videler JJ, Bruggemann JH. 1998 High biomass and production but low energy transfer effciency of Caribbean parrotfish: implications for trophic models of coral

reefs§. J. Fish Biol. 53, 154–178. (doi:10.1111/j.1095-8649.1998.tb01025.x)
50. Feng CX. 2021 A comparison of zero-inflated and hurdle models for modeling zero-inflated count data. J. Stat. Distrib. Appl. 8, 8. (doi:10.1186/s40488-021-00121-4)
51. Heiss A. 2022 A guide to modeling outcomes that have lots of zeros with Bayesian hurdle lognormal and hurdle Gaussian regression models. Andrew Heiss. See https://www.

andrewheiss.com/blog/2022/05/09/hurdle-lognormal-gaussian-brms/#hurdle-lognormal-model (accessed 27 June 2024).
52. Madsen EB. 2021 Diversity or disparity? The concentration of funded research topics in the United Kingdom. SocArXiv. (doi:10.31235/osf.io/fxqr7)
53. Choat JH, Bellwood DR. 1985 Interactions amongst herbivorous fishes on a coral reef: influence of spatial variation. Mar. Biol. 89, 221–234. (doi:10.1007/BF00393655)

11

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293: 20251919

http://dx.doi.org/10.1111/gcb.13167
http://dx.doi.org/10.1038/s41598-020-67498-1
http://dx.doi.org/10.1016/j.tree.2022.11.009
http://dx.doi.org/10.1890/07-1030.1
http://dx.doi.org/10.1002/ece3.9686
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.375
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.375
http://dx.doi.org/10.1002/fee.2088
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1038/nature22901
http://dx.doi.org/10.1111/j.1469-7998.1974.tb03161.x
http://dx.doi.org/10.5343/bms.2020.0054
http://dx.doi.org/10.5343/bms.2020.0054
http://dx.doi.org/10.1098/rstb.2022.0095
http://dx.doi.org/10.1073/pnas.1615652114
http://dx.doi.org/10.1073/pnas.1615652114
http://dx.doi.org/10.1038/s42003-020-01597-7
http://dx.doi.org/10.1098/rsos.230402
http://dx.doi.org/10.1146/annurev.es.05.110174.001545
http://dx.doi.org/10.1016/0040-5809(86)90024-9
http://dx.doi.org/10.1111/faf.12384
http://dx.doi.org/10.1111/brv.12591
http://dx.doi.org/10.1111/brv.12591
http://dx.doi.org/10.1016/S0003-3472(85)80011-7
http://dx.doi.org/10.2307/1935045
http://dx.doi.org/10.2307/1935045
http://dx.doi.org/10.1007/BF00002991
http://dx.doi.org/10.1007/BF00002991
http://dx.doi.org/10.1098/rstb.2017.0014
http://dx.doi.org/10.1098/rstb.2017.0014
http://dx.doi.org/10.1038/s41598-020-66475-y
http://dx.doi.org/10.1007/978-94-009-2065-1_11
http://dx.doi.org/10.3354/meps339049
http://dx.doi.org/10.1098/rstb.2022.0105
http://dx.doi.org/10.1007/s00227-006-0538-3
http://dx.doi.org/10.1007/s00227-006-0538-3
http://dx.doi.org/10.1007/s00338-006-0127-4
http://dx.doi.org/10.1007/s00338-006-0127-4
https://www.fishbase.org/
http://dx.doi.org/10.1093/biomet/82.4.669
http://dx.doi.org/10.1111/ele.70023
http://dx.doi.org/10.1002/ecm.1554
http://dx.doi.org/10.1002/ecs2.1899
http://dx.doi.org/10.1111/j.1095-8649.1998.tb01025.x
http://dx.doi.org/10.1186/s40488-021-00121-4
https://www.andrewheiss.com/blog/2022/05/09/hurdle-lognormal-gaussian-brms/#hurdle-lognormal-model
https://www.andrewheiss.com/blog/2022/05/09/hurdle-lognormal-gaussian-brms/#hurdle-lognormal-model
http://dx.doi.org/10.31235/osf.io/fxqr7
http://dx.doi.org/10.1007/BF00393655


54. R Core Team. 2024 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://www.R-project.org.
55. Bürkner PC. 2021 Bayesian item response modeling in R with brms and Stan. J. Stat. Softw. 100, 1–54. (doi:10.18637/jss.v100.i05)
56. Gelman A, Rubin DB. 1992 Inference from iterative simulation using multiple sequences. Stat. Sci. 7, 457–472. (doi:10.1214/ss/1177011136)
57. Farine DR, Whitehead H. 2015 Constructing, conducting and interpreting animal social network analysis. J. Anim. Ecol. 84, 1144–1163. (doi:10.1111/1365-2656.12418)
58. Levin SA. 1992 The problem of pattern and scale in ecology: the Robert H. MacArthur award lecture. Ecology 73, 1943–1967. (doi:10.2307/1941447)
59. Reinthal PN, Lewis SM. 1986 Social behaviour, foraging efficiency and habitat utilization in a group of tropical herbivorous fish. Anim. Behav. 34, 1687–1693. (doi:10.1016/S0003-

3472(86)80256-1)
60. Blanchette A, Ely T, Zeko A, Sura SA, Turba R, Fong P. 2019 Damselfish Stegastes nigricans increase algal growth within their territories on shallow coral reefs via enhanced nutrient

supplies. J. Exp. Mar. Biol. Ecol. 513, 21–26. (doi:10.1016/j.jembe.2019.02.001)
61. Polunin NVC, Klumpp DW. 1989 Ecological correlates of foraging periodicity in herbivorous reef fishes of the Coral Sea. J. Exp. Mar. Biol. Ecol. 126, 1–20. (doi:10.1016/0022-

0981(89)90121-4)
62. Baert JM, Stienen EWM, Verbruggen F, Van de Weghe N, Lens L, Müller W. 2022 Resource predictability drives interannual variation in migratory behavior in a long-lived bird.

Behav. Ecol. 33, 263–270. (doi:10.1093/beheco/arab132)
63. Cerecedo-Iglesias C, Bartumeus F, Cortés-Avizanda A, Pretus JLI, Hernández-Matías A, Real J. 2023 Resource predictability modulates spatial-use networks in an endangered

scavenger species. Mov. Ecol. 11, 22. (doi:10.1186/s40462-023-00383-4)
64. Isvaran K. 2007 Intraspecific variation in group size in the blackbuck antelope: the roles of habitat structure and forage at different spatial scales. Oecologia 154, 435–444. (doi:10.

1007/s00442-007-0840-x)
65. Pitcher TJ, Magurran AE, Winfield IJ. 1982 Fish in larger shoals find food faster. Behav. Ecol. Sociobiol. 10, 149–151. (doi:10.1007/BF00300175)
66. Gil MA, Emberts Z, Jones H, St Mary CM. 2017 Social information on fear and food drives animal grouping and fitness. Am. Nat. 189, 227–241. (doi:10.1086/690055)
67. Leighton GM, Drury JP, Small J, Miller ET. 2024 Unfamiliarity generates costly aggression in interspecific avian dominance hierarchies. Nat. Commun. 15, 335. (doi:10.1038/s41467-

023-44613-0)
68. Powers ST, Lehmann L. 2017 When is bigger better? The effects of group size on the evolution of helping behaviours. Biol. Rev. 92, 902–920. (doi:10.1111/brv.12260)
69. Hensor E, Couzin ID, James R, Krause J. 2005 Modelling density‐dependent fish shoal distributions in the laboratory and field. Oikos 110, 344–352. (doi:10.1111/j.0030-1299.2005.

13513.x)
70. Makris NC, Ratilal P, Jagannathan S, Gong Z, Andrews M, Bertsatos I, Godø OR, Nero RW, Jech JM. 2009 Critical population density triggers rapid formation of vast oceanic fish

shoals. Science 323, 1734–1737. (doi:10.1126/science.1169441)
71. Gilman SE, Urban MC, Tewksbury J, Gilchrist GW, Holt RD. 2010 A framework for community interactions under climate change. Trends Ecol. Evol. 25, 325–331. (doi:10.1016/j.tree.

2010.03.002)
72. Ceccarelli DM, Jones GP, McCook LJ. 2001 Territorial damselfishes as determinants of the structure of benthic communities on coral reefs. In Oceanogr. Mar. Biol., pp. 355–389, vol.

39. London, UK: CRC Press.
73. Sheppard CE, Boström-Einarsson L, Williams GJ, Exton DA, Keith SA. 2024 Variation in farming damselfish behaviour creates a competitive landscape of risk on coral reefs. Biol. Lett.

20, 20240035. (doi:10.1098/rsbl.2024.0035)
74. Madin EMP, Madin JS, Booth DJ. 2011 Landscape of fear visible from space. Sci. Rep. 1, 14. (doi:10.1038/srep00014)
75. Brown JS, Kotler BP. 2004 Hazardous duty pay and the foraging cost of predation. Ecol. Lett. 7, 999–1014. (doi:10.1111/j.1461-0248.2004.00661.x)
76. Di Santo V et al. 2020 Coral loss alters guarding and farming behavior of a Caribbean damselfish. Mar. Biol. 167, 120. (doi:10.1007/s00227-020-03726-6)
77. Mumby PJ. 2006 The impact of exploiting grazers (Scaridae) on the dynamics of Caribbean coral reefs. Ecol. Appl. 16, 747–769. (doi:10.1890/1051-0761(2006)016%5B0747:

TIOEGS%5D2.0.CO;2)
78. Silliman BR, Bertness MD. 2002 A trophic cascade regulates salt marsh primary production. Proc. Natl Acad. Sci. USA 99, 10500–10505. (doi:10.1073/pnas.162366599)
79. Jia S, Wang X, Yuan Z, Lin F, Ye J, Hao Z, Luskin MS. 2018 Global signal of top-down control of terrestrial plant communities by herbivores. Proc. Natl Acad. Sci. USA 115, 6237–6242.

(doi:10.1073/pnas.1707984115)
80. Streit RP, Cumming GS, Bellwood DR. 2019 Patchy delivery of functions undermines functional redundancy in a high diversity system. Funct. Ecol. 33, 1144–1155. (doi:10.1111/

1365-2435.13322)
81. Shen Y, Estrada‐Villegas S, Umaña MN, Goodale E, Robinson S, Quan Q, Zhang Q. 2024 Differences in mixed‐species bird flocks across forest succession: combining network analysis

and trait‐based ecology related to the fast‐slow continuum. Funct. Ecol. 38, 1236–1249. (doi:10.1111/1365-2435.14540)
82. Ward AJW, Schaerf TM, Burns ALJ, Lizier JT, Crosato E, Prokopenko M, Webster MM. 2018 Cohesion, order and information flow in the collective motion of mixed-species shoals. R.

Soc. Open Sci. 5, 181132. (doi:10.1098/rsos.181132)
83. Zgliczynski BJ, Sandin SA. 2017 Size-structural shifts reveal intensity of exploitation in coral reef fisheries. Ecol. Indic. 73, 411–421. (doi:10.1016/j.ecolind.2016.09.045)
84. Wilson MW, Ridlon AD, Gaynor KM, Gaines SD, Stier AC, Halpern BS. 2020 Ecological impacts of human-induced animal behaviour change. Ecol. Lett. 23, 1522–1536. (doi:10.1111/

ele.13571)
85. Wong BBM, Candolin U. 2015 Behavioral responses to changing environments. Behav. Ecol. 26, 665–673. (doi:10.1093/beheco/aru183)
86. Karkarey R, Alcoverro T, Kumar S, Arthur R. 2017 Coping with catastrophe: foraging plasticity enables a benthic predator to survive in rapidly degrading coral reefs. Anim. Behav.

131, 13–22. (doi:10.1016/j.anbehav.2017.07.010)
87. Thareja H, Paul A, Alcoverro T et al. 2026 Density dependence and territorial competitors can modulate parrotfish social foraging and herbivory on coral reefs [Dataset]. Dryad Digital

Repository. (doi:10.5061/dryad.msbcc2gbg)
88. Thareja H, Paul A, Alcoverro T, Karkarey R, Pinto W, Jaishankar S, Bhagat S, Arthur R. 2026 Density dependence and territorial competitors can modulate parrotfish social foraging

and herbivory on coral reefs. Zenodo. (doi:10.5281/zenodo.17417675)
89. Thareja H et al. 2026 Supplementary material from: Density dependence and territorial competitors can modulate parrotfish social foraging and herbivory on coral reefs. Figshare.

(doi:10.6084/m9.figshare.c.8303989)

12

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293: 20251919

https://www.R-project.org
http://dx.doi.org/10.18637/jss.v100.i05
http://dx.doi.org/10.1214/ss/1177011136
http://dx.doi.org/10.1111/1365-2656.12418
http://dx.doi.org/10.2307/1941447
http://dx.doi.org/10.1016/S0003-3472(86)80256-1
http://dx.doi.org/10.1016/S0003-3472(86)80256-1
http://dx.doi.org/10.1016/j.jembe.2019.02.001
http://dx.doi.org/10.1016/0022-0981(89)90121-4
http://dx.doi.org/10.1016/0022-0981(89)90121-4
http://dx.doi.org/10.1093/beheco/arab132
http://dx.doi.org/10.1186/s40462-023-00383-4
http://dx.doi.org/10.1007/s00442-007-0840-x
http://dx.doi.org/10.1007/s00442-007-0840-x
http://dx.doi.org/10.1007/BF00300175
http://dx.doi.org/10.1086/690055
http://dx.doi.org/10.1038/s41467-023-44613-0
http://dx.doi.org/10.1038/s41467-023-44613-0
http://dx.doi.org/10.1111/brv.12260
http://dx.doi.org/10.1111/j.0030-1299.2005.13513.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13513.x
http://dx.doi.org/10.1126/science.1169441
http://dx.doi.org/10.1016/j.tree.2010.03.002
http://dx.doi.org/10.1016/j.tree.2010.03.002
http://dx.doi.org/10.1098/rsbl.2024.0035
http://dx.doi.org/10.1038/srep00014
http://dx.doi.org/10.1111/j.1461-0248.2004.00661.x
http://dx.doi.org/10.1007/s00227-020-03726-6
http://dx.doi.org/10.1890/1051-0761(2006)016%5B0747:TIOEGS%5D2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2006)016%5B0747:TIOEGS%5D2.0.CO;2
http://dx.doi.org/10.1073/pnas.162366599
http://dx.doi.org/10.1073/pnas.1707984115
http://dx.doi.org/10.1111/1365-2435.13322
http://dx.doi.org/10.1111/1365-2435.13322
http://dx.doi.org/10.1111/1365-2435.14540
http://dx.doi.org/10.1098/rsos.181132
http://dx.doi.org/10.1016/j.ecolind.2016.09.045
http://dx.doi.org/10.1111/ele.13571
http://dx.doi.org/10.1111/ele.13571
http://dx.doi.org/10.1093/beheco/aru183
http://dx.doi.org/10.1016/j.anbehav.2017.07.010
http://dx.doi.org/10.5061/dryad.msbcc2gbg
http://dx.doi.org/10.5281/zenodo.17417675
http://dx.doi.org/10.6084/m9.figshare.c.8303989

	Density dependence and territorial competitors can modulate parrotfish social foraging and herbivory on coral reefs
	1. Background
	2. Methods
	(a) Study area
	(b) Study system
	(c) Focal behavioural observations
	(d) Quantifying fish assemblage composition, grouping propensities and group sizes
	(e) Graphical causal models and data analyses

	3. Results
	(a) Per-capita herbivory increases with group sizes
	(b) Access to defended resources may weakly mediate individual benefits of social foraging
	(c) Group composition and drivers of grouping for the herbivore assemblage

	4. Discussion
	(a) Individual behaviour–function covariation: social foraging can facilitate herbivory
	(b) Drivers of behavioural variation: does resource competition or density dependence drive herbivore grouping?
	(c) Behavioural variation and ecosystem functioning

	5. Conclusion


