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A B S T R A C T

Roving herbivorous fishes play an important role in coral reef communities by removing turf-algae, which can
facilitate the settlement of coral larvae. Territorial damselfishes can influence the foraging patterns of roving
herbivores by excluding them from their territories, altering the benthic assemblage. However, the impacts
depend on the intensity of aggression and which taxonomic groups of roving herbivores are being excluded. Here
we document the foraging activity of roving herbivores (Acanthuridae, Scaridae, Siganidae) and the extent to
which they are subject to aggression by Pomacentrus adelus, the most abundant territorial damselfish in Kimbe
Bay, Papua New Guinea. We then conducted experimental removals (220m2 plots on the reef flat) of P. adelus to
examine its impact on roving herbivores and the benthic community structure. We hypothesized that the re-
moval of P. adelus would lead to an increase in roving herbivore abundance and foraging activity and a decline in
algal cover. The relative abundance (MaxN) and foraging activity (bite rate) of each taxa were examined pre and
post-removal using video quadrats. The overall relative abundance of roving herbivores was not influenced by
the removal of P. adelus. No changes in foraging patterns were observed for parrotfish, the family that received
the highest rate of agonistic interactions, and rabbitfish. The removal of P. adelus resulted in a significant de-
crease in surgeonfish feeding, suggesting P. adelus alters foraging patterns indirectly through territorial main-
tenance and not aggression. The only measurable benthic impact of the P. adelus removal was an increase in
sediment, while all other substratum types remained constant. These results indicate that P. adelus does not have
a negative impact on all roving herbivores and instead may contribute to surgeonfish foraging indirectly through
the removal of sediment. The generalisation that territorial damselfish reduce foraging rates of roving herbivores
may not be applicable in all systems or for all species.

1. Introduction

Roving herbivorous fishes play an important role on coral reefs in
reducing algal biomass and preventing alternative algal dominated
stable states (Francini-Filho et al., 2010; Mumby et al., 2006; Hughes
et al., 2007). Hence, they are considered important in maintaining
healthy coral cover and promoting ecosystem resilience (Burkepile and
Hay, 2008; Hamilton et al., 2014; O'Leary and McClanahan, 2016). The
most important roving herbivores, in a broad use of the term, appear to
be surgeonfish (Acanthuridae), parrotfish (Labridae: Scarini), and rab-
bitfish (Siganidae) in terms of algal biomass consumption or removal
(Francini-Filho et al., 2010; Lewis and Wainwright, 1985). However,
these taxa do not have exclusive access to algal covered reef habitat.
Territorial farming damselfish often influence the structure of algal
communities though the deterrence of larger roving herbivores

(reviewed by Hata and Ceccarelli, 2016). The aggressive territorial
defence may lead to an increase in turf algae, a desired food source of
roving herbivores (Ceccarelli et al., 2005a; Hixon and Brostoff, 1983;
Hixon, 1996; Russ, 1987). Studies that combine the foraging patterns of
roving herbivores and agonistic interactions within a healthy commu-
nity can together help define the mechanistic drivers that underlie reef
habitat structure and resilience.

Surgeonfish, parrotfish, and rabbitfishes cohabit the most produc-
tive coral reef zones where they may forage in mixed species groups and
partition resources (Williams, 1991). The difference in resource utili-
zation among families is strongly related to morphology, with the re-
cognition of three main functional groups: browsers, scrapers, and ex-
cavators (Ross, 1986; Bellwood and Choat, 1990; Francini-Filho et al.,
2008; Streelman et al., 2002). Surgeonfish, typically categorized as
browsers, largely feed on the epilithic algal matrix (Goatley and
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Bellwood, 2010) with some species targeting detritus aggregates within
algal turfs (Marshell and Mumby, 2012; Tebbett et al., 2017a, 2017b).
Unlike surgeonfish, parrotfish alter the substratum by scraping or ex-
cavating the surface leaving distinct scars on the benthos (Bellwood and
Choat, 1990; Bellwood, 1995, 1996). Despite recent work suggesting
that parrotfish may be targeting endolithic microbes and detritus
(Clements et al., 2017), the removal of microalgae in the process of
foraging remains functionally important when considering the biotic
composition of reef benthos (Morgan and Kench, 2016). In contrast,
rabbitfish feed significantly more in reef crevices than the other two
families due to differences in morphology and dentition (Brandl and
Bellwood, 2014; Fox and Bellwood, 2013). While the majority of rab-
bitfish species target macroalgae by browsing or cropping, the family
also contains a distinct group of mixed feeders, which target microalgal
material, cyanobacteria, and sediment (Hoey et al., 2013). The diversity
of foraging methods, and their implications for impacts on benthic
habitat structure, indicates that our understanding of how species in-
teract with the surrounding community must be species and family
specific (Choat and Clements, 1993; Fox and Bellwood, 2007; Ong and
Holland, 2010; Polunin et al., 1995). Therefore, it is important to assess
the grazing ability of species individually as grazing rates can vary due
to differences in community structure and species encountered.

Territorial damselfish (Pomacentridae) are highly abundant small-
bodied consumers that often occupy the reef crest and reef flat habitats
(Ceccarelli et al., 2001; Ceccarelli, 2007; Eurich et al., 2018). The
modification of algae through farming behaviour and territorial defence
is thought to play an important role on the benthic community structure
(Barneche et al., 2009; Ceccarelli et al., 2005a; Ceccarelli, 2007; Hixon
and Brostoff, 1983; Wellington, 1982). Thus, territorial damselfishes
influence on coral recruitment (Ceccarelli et al., 2005a; Sammarco and
Carleton, 1981; Wellington, 1982), and the abundance and composition
of algae within the territorial boundaries (Ceccarelli et al., 2005b;
Hixon, 1996), have been well documented. Territorial damselfish have
been predominantly categorized into three guilds based off the species'
effect on benthic assemblage structure and aggression: intensive
farmers, extensive farmers, and an intermediate group (Ceccarelli,
2007; Hata and Ceccarelli, 2016; Hata and Kato, 2004). Where, in-
tensive farmers weed low diversity algal turfs intensively with ag-
gressive defence, extensive farmers weed and defend larger territories
to a lesser degree, and an intermediate group that maintains discrete,
but significantly different to the surrounding environment, territories of
algal turf (Emslie et al., 2012; Pratchett et al., 2016). Several experi-
mental studies have shown that the aggressive exclusion of roving
herbivores by extensive or intensive farming species effects the benthic
assemblage structure (Ceccarelli et al., 2005a; Hixon and Brostoff,
1983; Hixon, 1996; Russ, 1987). However, there is conflicting evidence
that all territorial damselfish, especially intermediate farming species -
the most abundant guild (Pratchett et al., 2016), hinder the foraging
patterns of roving herbivores through agonistic interactions. Some
studies have shown that roving herbivores will actively avoid the

territories of territorial damselfish to feed on desirable algae without
harassment (Hamilton and Dill, 2003; Robertson et al., 1976). Ad-
ditionally, surgeonfish and parrotfish periodically may use schooling
behaviours to overwhelm territorial damselfish and gain access
(Robertson et al., 1976; Foster, 1985a). However, Ceccarelli et al.
(2005b) found that extensive and intermediate territorial damselfish
were fairly inefficient at excluding roving herbivores from their terri-
tories and roving herbivores had a significant impact on benthic ha-
bitat, both with and without the presence of territorial damselfish.

While both roving herbivores and territorial damselfish can exert a
strong influence on the structure of the benthic community, the extent
to which the general paradigm holds true for intermediate territorial
damselfish remains unclear. In this study we document the natural
foraging activity of roving herbivores and the extent to which this was
affected by an intermediate farming territorial damselfish in Kimbe
Bay, West New Britain, Papua New Guinea. We then undertook a large-
scale removal of the most abundant territorial damselfish, Pomacentrus
adelus, to evaluate how the abundances and foraging activity of roving
herbivores would change following an agonistic release. Lastly, we
determined whether the benthic community structure was altered in
the absence of P. adelus. Specifically, we tested the following three
predictions: (1) the local abundance of roving herbivores should in-
crease in abundance following the removal of P. adelus; (2) the feeding
activity of roving herbivores should increase after the removal of P.
adelus as benthic resources are undefended; (3) the benthic habitat may
be altered due to changes in herbivore foraging and the elimination of
P. adelus farming and territorial behaviour.

2. Materials and methods

2.1. Study location and species

This study was conducted in Kimbe Bay, West New Britain, Papua
New Guinea (Fig. 1; 5°30′ S, 150°05′ E). Kimbe Bay lies within Oceania
and is a region of West New Britain recognized for high coral reef
biodiversity and large platform reefs (Roberts et al., 2002). Two inshore
reefs, Garbuna and Luba Luba, were selected as the study locations due
to similarities in species composition and reef aspect. Both reefs are
nearshore (< 1 km from land), and have a similar reef structure: a
shallow reef flat (exposed during extreme low tides), a reef crest, and a
gentle reef slope ending in a sandy bottom at 30–50m. Coral reefs in
Kimbe Bay have a high diversity of both coral and fishes despite several
regional coral mortality events (Boström-Einarsson et al., 2014; Jones
et al., 2004). At least 20 families of reef fishes are found in Kimbe Bay
(Jones et al., 2004), including many species belonging to families
loosely described as herbivores, namely Acanthuridae, Labridae
(Scarini tribe), and Siganidae. For the purposes of this study, only
roving herbivores that occupied the zones where P. adelus occurred
were analysed.

The most abundant damselfish, Pomacentrus adelus

Fig. 1. Location of Kimbe Bay, West New Britain, Papua New Guinea, and the 2 reef sites (Garbuna and Luba Luba).
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(Pomacentridae), occupies the reef crest and adjacent zones (Ceccarelli,
2007; Eurich et al., 2018). P. adelus is a highly abundant, small bodied
intermediate territorial damselfish that maintains territories on rubble
and filamentous algae, and exerts aggressive defence on intruders
(Ceccarelli et al., 2001; Eurich et al., 2018; Pratchett et al., 2016). P.
adelus influences the composition of algal assemblages by weeding or
farming within the territorial boundary, though the benthic assemblage
remain visually similar to the surrounding areas (Ceccarelli, 2007; Hata
and Kato, 2004).

2.2. Ethics statement

This research was carried out in accordance with the James Cook
University animal ethics guidelines under ethics approval A2106 (JGE).
All sampling procedures and/or experimental manipulations were re-
viewed and approved as part of obtaining the above ethics permits.

2.3. Removal experiment

A paired removal plot and control plot were established 75m apart
on each of the two study locations (4 plots total). The plots were spaced
to ensure they were independent and sized so as to include the depth
distribution of P. adelus. Each individual rectangular plot was 22m onto
the reef flat from the lower reef crest and 10m wide parallel to the reef
crest (220m2 total area), and was delimited by nylon strings and metal
rods to create a 2m by 2m grid to facilitate census.

After the community was censused for preliminary comparisons, a
removal experiment of the most abundant territorial damselfish, P.
adelus, was conducted on the experimental plots. Fish were removed by
hand spear or a dilute anesthetic clove oil solution, including recruits
and all surrounding individuals within a 5m wide buffer.
Approximately 300 individuals were removed from each experimental
plot. After establishment, the control plots were left experimentally
undisturbed, but were visited as frequently as the removal plots to
control for the potential effects of diver disturbance. Here divers con-
ducted mock swimming activities emulating removal techniques.
Following the removal of P. adelus, no further intervention took place
on the experimental plots as no immigration was observed.

2.4. Abundance and foraging patterns: video analysis

Stationary cameras were used to obtain unbiased estimates of
abundance and foraging patterns (e.g., Assis et al., 2013). At high tide
cameras (GoPro) were placed within the experimental plot, above any
structurally complex corals, and pointed towards the benthos. Cameras
were placed so that they recorded a marked 2m by 2m area within the
zone and territories used by P. adelus, thereby standardizing the
‘viewable’ and recordable area. 15 video censuses were collected during
each treatment period, pre- and post-removal, on the four plots (total
n=120). Cameras were placed in the experimental areas 1–3 days
prior to fish removal and then 1–3 days after removal.

For analysis, 5 min trials were subset from longer videos (20 to
30min long). Each video was started 5min in, then watched for 5min
prior to the trial to ensure there was no camera movement or diver
influence that may have affected fish behaviour after tripod placement.
If no disturbance was observed during the 5min observation period the
trial was initiated and data was collected for the subsequent 5min. All
videos were analysed by a single observer (SMS).

Pre-removal videos of control and removal plots were used to assess
the undisturbed foraging patterns of fish species and interactions with
P. adelus prior to experimental removal. The foraging patterns of all 17
species of surgeonfish, parrotfish, and rabbitfish present were observed
and bites were recorded. Bite rate for the purpose of this study was
determined as the mean total number of bites directed to the benthos by
all fish species other than P. adelus per 5min trial within the marked
2m by 2m area. Few species were abundant enough to get species-

specific foraging estimates. The 13 species observed include the sur-
geonfish: Ctenochaetus striatus, Ct. binotatus, Ct. strigosus, Acanthurus
pyroferus, A. lineatus, Zebrasoma scopas, and Naso lituratus; parrotfish:
Chlorurus bleekeri, Scarus rivulatus, Sc. dimidiatus, Sc. niger; and rabbit-
fish: Siganus vulpinus and Si. doliatus. Bites were pooled by family
groups to estimate the foraging effort for each family.

Pre-removal videos from the four plots (n=60) were analysed once
more to quantify aggressive interactions by P. adelus towards roving
herbivores. The observer (SMS) first established a P. adelus territory
within the marked 2m by 2m area and then recorded the interactions
of a single individual for 5min. Any aggressive charges from P. adelus
resulting in a change or pause of behaviour and/or displaced movement
to the herbivore were recorded as a ‘chase’.

Relative fish abundance was recorded using the maximum number
of individuals (MaxN) for each species that occurred over the 5min
observation period. MaxN is the most commonly used method of esti-
mating fish abundance from video recordings and is described as the
maximum number of individuals of each species that are in the video
frame at any one given time throughout the trial (Cappo et al., 2007).
MaxN is a conservative metric for estimating minimum abundance of a
species (Willis et al., 2000), and was designed to avoid the recurring
counting of individuals that enter the camera field of view within a trial
(Cappo et al., 2007). It should be noted that a potential limitation of
MaxN is that the resulting value can be nonlinearly related to true site
abundance when dealing with a large abundance of fish, therefore it
can underestimate the population size (Schobernd et al., 2014). How-
ever, due to the restricted field of view of cameras, and the relatively
low abundance of roving herbivores observed in the present study,
MaxN was the best metric for analysis. Thus, within this study when we
discuss abundance we are referring to a maximum relative abundance
(not true abundance) within a 2m by 2m space at any one given time
compared to other species.

2.5. Benthic habitat

It was predicted that if P. adelus were having an important influence
on the overall benthic assemblage by farming algae or engaging in
agonistic interactions with other fishes, there would be a significant
difference in the algae and coral assemblages in the removal plots
where P. adelus previously occurred. To estimate the benthic commu-
nity structure plots were surveyed before the removal and 3months
thereafter by a single observer (JGE). Benthic cover was estimated
using three 10m transects laid within each of the eleven 2m×10m
contiguous rectangles (i.e., permanent grid), parallel to the reef crest
(n=33 per survey period per plot). The substratum present beneath 20
uniform points along each transect was recorded (n=660 per survey
period per plot). Substratum was classified as one of nine microhabitat
categories: (1) live coral; recorded by growth form but pooled as live
coral for the purpose of this study, (2) dead coral, (3) macroalgae, (4)
turf algae, (5) crustose-coralline algae, (6) rubble, (7) sand (incl. non-
biological substrate), (8) sediment, or (9) other (e.g. Fungia spp.,
sponges, and bivalves). For the purpose of this study, we used the de-
finition of turf algae from Hay (1981) as masses of tightly packed up-
right branches that were dominated by filamentous species. Previous
studies demonstrate that P. adelus influences the composition of mi-
croalgal communities through intermediate farming (Ceccarelli et al.,
2005b; Ceccarelli, 2007). However, as the focus of the present study
was to asses foraging microhabitats utilized by roving herbivores, a
fine-scale taxonomic resolution to detect subtle changes in microalgal
community differences was not used.

2.6. Statistical analysis

Relative herbivore abundance (MaxN) and changes in foraging ac-
tivity (bite rate) were transformed using an aligned rank transformation
and compared using a two-factor nonparametric ANOVA (i.e.,
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treatment period and location) (Crawley, 2007; Zurr et al., 2009). All
data were analysed using R v. 3.0.2 with the ‘ARTool’ (Kay and
Wobbrock, 2016) and ‘car’ packages (Fox and Weisberg, 2011) in R (R
Development Core Team, 2013). Species were analysed collectively to
represent the total impact of roving herbivores, and then individually,
in family groups (surgeonfish, parrotfish, and rabbitfish). The nature of
the significant interaction was further explored with Tukey's HSD post-
hoc tests using the ‘lsmeans’ package (Lenth, 2016). All data in the text
and figures are presented as the arithmetic mean ± one standard error
(SE), unless otherwise stated. Recruits and reef slope species were
omitted from presentation and final analysis due to irregular and low
recruitment pulses and the deeper species having no contact with P.
adelus, respectively.

Random intercepts mixed-effects logistic regressions were used to
assess the difference in benthic community structure before and after
the removal of P. adelus for each treatment type (experimental and
control). Fixed effects were treatment period (pre- and post-removal),
location (Garbuna and Luba Luba), and the interaction between them.
Replicates and transects within a plot were both treated as random
effects: the random intercepts model assumes that any effects of treat-
ment period and location are similar between transects and replicates.
The proportion of the total cover by each substratum type (response
variable) was used to measure the benthic community structure. The
model was fitted using the R package ‘lme4’ (Bates et al., 2011), and
probability values for each successive term in the model were assessed
using the ANOVA function provided by the R package ‘car’. While all
comparisons involved replicate reef locations (n=2 for removal, n=2
for control), data were pooled for presentation.

3. Results

3.1. Natural foraging patterns

A total of 17 species of roving herbivores, including 10 acanthurids,
5 labrids (Scarini) and 2 siganids, were present within the study area
before the removal. Of the species observed, only 13 species foraged
consistently enough to obtain reliable estimates of bite rate (Fig. 2; total
bites per 5min trial ± SE, n=60). For mean total bites when an in-
dividual was actively foraging (trials where a bite was observed), sur-
geonfish accounted for the majority of total bites observed (69.6%)
with Ctenochaetus striatus (36.2 ± 8.1) and Ct. binotatus (36.8 ± 7.2)
foraging most frequently. Chlorurus bleekeri was the most active par-
rotfish (28.5 ± 8.7) accounting for 13.8% of total bites observed. For

rabbitfish, Siganus vulpinus and Si. doliatus occurred in low abundances,
and when observed tended to have low bite rates.

3.2. Aggressive interactions

In the 60 5min observations prior to the removal, 21 total chases
from P. adelus out of 779 encounters were observed: 6 chases directed at
Ct. striatus, 14 chases at parrotfish, and 1 chase at Si. vulpinus (Fig. 3). P.
adelus appeared to concentrate its territorial defence towards parrotfish
with Sc. dimidiatus, the most targeted, accounting for 38% of chases
observed. Relative to encounters, aggressive interactions were low with
a 0.027% chance of being chased when encountered.

3.3. Herbivore abundance

The prediction that roving herbivore abundance would increase
following P. adelus removal was not supported. There were no sig-
nificant differences in roving herbivore relative abundance following
the removal of P. adelus for both the removal and control plots
(Table 1). Surgeonfish (Fig. 4; p= .979), parrotfish (Fig. 4; p= .493),
and rabbitfish (Fig. 4; p= .096) did not increase in abundance after the
agonistic release on the removal plots. No significant difference was
observed between locations within treatment type (X2 (1)= 0.249,
p= .883).

Fig. 2. Mean total number of bites per species per 5min trial (± SE, n=60).
Species genus names; Ct.: Ctenochaetus, A.: Acanthurus, Z.: Zebrasoma, N.: Naso,
Ch.: Chlorurus, Sc.: Scarus, and Si.: Siganus.

Fig. 3. Aggressive interactions from Pomacentrus adelus displayed as proportion
of total chases (n= 60). Species genus names; Ct.: Ctenochaetus, Ch.: Chlorurus,
Sc.: Scarus, and Si.: Siganus.

Table 1
Conclusions of post-hoc tests (Tukey's HSD) on differences in relative abun-
dance (MaxN) between period (pre- and post-removal) by treatment type.

Source t ratio df p

Surgeonfish
Removal

Control
−0.026
0.235

1
1

0.979
0.815

Parrotfish
Removal 0.692 1 0.493
Control −1.483 1 0.147

Rabbitfish
Removal 2.921 1 0.096
Control 0 1 1.000
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3.4. Change in foraging patterns

The hypothesis that foraging activity would increase following the
removal of the intermediate territorial damselfish was also rejected. For
the control plots, there were no significant differences in foraging ac-
tivity for surgeonfish, parrotfish, and rabbitfish between treatment
periods (Table 2). On the contrary, surgeonfish foraging in the removal
plots significantly decreased following the removal of P. adelus (Table 2;
Fig. 5; p= .002). Parrotfish (Fig. 5; p= .349) and rabbitfish (Fig. 5;
p= .261) foraging was not significantly affected by the removal of P.
adelus (Table 2). No significant difference was observed among loca-
tions within treatment type (x2 (1)= 0.206, p= .902).

3.5. Benthic habitat

The experimental removal of P. adelus had little impact on the
overall benthic habitat structure. The benthic habitat did not change
significantly over time when comparing removal and control plots
(Fig. 6; Table S1 in the Supplement). Macroalgal cover increased sig-
nificantly on both the removal (p < .0001) and control plots

(p < .0001). Conversely, turf cover decreased significantly on both the
removal (p < .0001) and control plots (p < .0001). Of the 9 habitat
types, the only significant change between treatment periods not re-
plicated on the control plots was sediment cover. Sediment increased

Fig. 4. Cumulative abundance of a) surgeonfish, b) parrotfish, and c) rabbitfish
for control reefs (white) and removal reefs (gray) pre-and post-removal of
Pomacentrus adelus (n=30 per group). Box and whisker plot displays lowest
and highest values, with the box showing interquartile range, the median re-
presented by a bold line, and outliers represented as black dots.

Table 2
Conclusions of post-hoc tests (Tukey's HSD) on differences in foraging between
period (pre- and post-removal) by treatment type.

Source t ratio df p

Surgeonfish
Removal −3.283 1 0.002
Control −0.473 1 0.639

Parrotfish
Removal −0.950 1 0.349
Control −0.652 1 0.519

Rabbitfish
Removal 1.143 1 0.261
Control 1.143 1 0.261

Fig. 5. Average a) surgeonfish, b) parrotfish, and c) rabbitfish foraging on
control reefs (white) and removal reefs (gray) pre-and post-removal of
Pomacentrus adelus per 5min trial (n=30 per group). Box and whisker plot
displays lowest and highest values, with the box showing interquartile range,
the median represented by a bold line, and outliers represented as black dots.
Vertical axes are not comparable.
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following the removal of P. adelus on the removal plots (p= .018), but
did not differ among period on the control plots (p= .215). All other
habitat categories remained consistent throughout the removal ex-
periment.

4. Discussion

This study indicates that Pomacentrus adelus does not have a major
influence on the relative abundance and foraging activity of all roving
herbivorous fishes or any major direct effect on the benthic substratum,
but may play a role in sediment dynamics indirectly through surgeon-
fish interactions and territory maintenance. None of the three central
hypotheses posed were fully supported by the experimental removal of
the intermediate farming damselfish P. adelus: (1) the overall relative
abundance of roving herbivores was unaffected by the large-scale re-
moval of P. adelus; (2) parrotfish and rabbitfish foraging activity was
not influenced by the removal despite access to undefended resources;
and (3) P. adelus had no major impact, either directly or indirectly, on
the cover of either algae or corals. Hence, the emerging paradigm of a
strong interaction between roving herbivores and all types of territorial
damselfish is not supported by the findings of the present study. The
effects observed were unexpected, including a positive influence of P.
adelus on the foraging intensity of surgeonfish and a negative effect on
the amount of sediment in territories. We argue that in this system, P.
adelus modifies the benthic composition in a way that benefits sur-
geonfish foraging and without the presence of P. adelus surgeonfish are
less apt to forage, which directly impacts reef sediment dynamics.

We argue that aggressive charges by P. adelus may represent an
annoyance rather than an effective deterrent to the roving herbivores.
Overall, aggressive interactions were rare and accounted for only
0.027% of observed incursions. Previous research has documented that

P. adelus is highly territorial and aggressive on the reef flat and reef
crest to other territorial damselfishes (Eurich et al., 2018), but few
chases observed in the present study were directed at herbivores. Of the
interactions observed, parrotfish were attacked more frequently than
surgeonfish and rabbitfish. This contradicted the assumption that sur-
geonfish would be targeted more frequently, as it is known that sur-
geonfish and territorial damselfish overlap in space use and diet
(Castano et al., 2014; Robertson and Polunin, 1981; Russ, 1987).
However, it is likely that parrotfish pose a larger threat due to the
significant disruption of the benthos by scraping and excavating algae
(Bellwood and Choat, 1990; Bellwood, 1995, 1996; Morgan and Kench,
2016). Aggression is expensive because it imposes energy and time
costs and increases the risk of injury (Clutton-Brock and Parker, 1995).
Therefore, individuals will be more aggressive to the species that
structurally influence and damage the benthos and resources within
their territorial boundaries. However, despite parrotfish sustaining the
highest number of aggressive interactions proportionate to other roving
herbivores, no behavioural changes were observed once the agonistic
release was initiated.

The overall lack of aggression likely reflects P. adelus belonging to
the guild of intermediate territorial damselfish (Hata and Kato, 2004;
Ceccarelli, 2007). Previous studies have suggested that both rate of
attacks and success of attacks by damselfish increase with body size
(Foster, 1985b). P. adelus is a relatively small bodied species compared
to other intensive and extensive farming species, which is one ex-
planation to why fewer aggressive interactions were observed. We
present an important finding as all territorial damselfish are occasion-
ally assumed to have an equally strong external influence on herbivory
through their aggression. Intensive and extensive farming species (e.g.,
Stegastes spp.) that maintain conspicuous algal mats are known to de-
fend their territories aggressively (Ceccarelli et al., 2001; Emslie et al.,
2012; Hoey and Bellwood, 2010). However, these species tend to occur
in patches and are less abundant than intermediate farming species
(Pratchett et al., 2016). In Kimbe Bay P. adelus is abundant over mul-
tiple reef zones in high densities where no intensive and extensive
farming species are present (Ceccarelli, 2007). Despite the lower quality
and quantity of aggressive interactions P. adelus may represent a larger
impact due to a higher volume of attacks due to the population size and
distribution (Eurich et al., 2018). Therefore, we suggest caution gen-
eralising the effects of territorial damselfish aggression as it pertains to
roving herbivore foraging dynamics without species-specific beha-
vioural observations.

Due the limited aggressive behaviours observed in the present study
the overall relative abundance of roving herbivores was not affected by
the removal of P. adelus. We observed no change in abundance for
parrotfish, rabbitfish, or surgeonfish despite approximately 300 less
territorial damselfish on the reef flat and reef crest. This contradicted
our hypothesis, as it is known that territorial damselfish defend benthic
resources from roving herbivores (Catano et al., 2014; Foster, 1985b;
Hixon and Brostoff, 1996). However, Ceccarelli et al. (2005b) also
found that territorial damselfish in the same region as the present study
were fairly inefficient at excluding roving herbivores from their terri-
tories. Furthermore, no effect of the exclusion of roving herbivores by
territorial damselfish could be detected. Therefore, in Kimbe Bay it
appears that territorial damselfish do not have a strong influence on the
habitat structure by reducing the local abundance of roving herbivores
through aggressive defence.

Additionally, we found no significant differences in parrotfish
foraging activity following the removal of P. adelus in the present study.
Previous research has demonstrated conflicting results when examining
the impacts of territorial damselfish aggression on roving herbivore
foraging. Some studies suggest that territorial damselfish limit the
ability of roving herbivores to access desirable algae, which is in higher
concentration within the territorial boundaries (Klump et al., 1987),
and thus causes a decrease in grazing intensity (Hixon and Brostoff,
1996). The territorial defence has also been documented to influence

Fig. 6. Benthic composition pre- (white) and post-removal (gray) of
Pomacentrus adelus by treatment type: a) removal and b) control. The propor-
tion represents an average (± SE) across locations. Statistical significance de-
noted by an asterisk.
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parrotfishes diet in the Caribbean. Bruggemann et al. (1994a, b) pro-
vided evidence that territorial damselfish aggression can lead to par-
rotfishes ingesting higher proportions of inferior food types. Parrot-
fishes were more likely to forage outside the damselfish territories to
avoid energetically expensive interactions despite superior food re-
sources. Further, experimental removals of territorial damselfish have
also led to increased grazing rates of roving herbivores and a rapid
reduction in turf cover (Hourigan, 1986; Mahoney, 1981). Contrast-
ingly, our results show that parrotfish foraged at the same rate and
intensity following the removal of P. adelus and do not corroborate the
previously described studies. The present study instead supports the
findings of two herbivore exclusion experiments, where no evidence
was obtained that territorial damselfish influence the benthic impacts
of parrotfish (Ceccarelli et al., 2005a, b; Ceccarelli et al., 2006). In these
studies, some algal taxa increased in cover suggesting that foliose
macroalgae and even some filamentous algae are suppressed when
territorial damselfish are present. While variation in foraging beha-
viours of parrotfish is well established in the literature (Bellwood and
Choat, 1990; Bonaldo et al., 2005; Bruggemann et al., 1994b; Francini-
Filho et al., 2010), patterns observed in Kimbe Bay are now confirmed
and thus cannot be explained by behavioural variability.

Rabbitfish occupied the study zone but were less abundant than the
other families and thus were rarely observed foraging. The lack of an
agonistic influence from P. adelus was likely due to their low abundance
and the limited observed aggression from P. adelus. However, the
morphological specializations and foraging behaviour of rabbitfish may
have also played a role. Fox and Bellwood (2013) revealed that rab-
bitfish feed to a greater degree than other herbivores from reef crevices
and interstices, which are not common microhabitats in P. adelus ter-
ritories (Eurich et al., 2018). In addition, rabbitfish feed in pairs, with
one fish frequently assuming an upright vigilance position in the water
column while the partner forages in the reef substratum (Brandl and
Bellwood, 2015). Thus, no changes in abundance or foraging rates were
detected, as the most common observation was non-feeding pairs
swimming through P. adelus territories. A more detailed study targeting
the movement of rabbitfish pairs is required to further assess the in-
fluence of territorial damselfishes on the removal of macroalgae by si-
ganids (Fox and Bellwood, 2008).

Unexpectedly, the removal of P. adelus resulted in a significant de-
crease in surgeonfish feeding despite overlap in resource use and
competitive interactions (Robertson et al., 1979). We argue a higher
foraging activity prior to the removal of P. adelus indicates that P. adelus
may modify the benthic composition in a way that benefits surgeonfish.
Ceccarelli et al. (2001) reviewed the benthic influence of territorial
damselfish and found that the guild influences the algal matrix by re-
moving unwanted sediment from the epilithic algal matrix. This is
corroborated by other intermediate territorial damselfish work
(Ceccarelli, 2007; Hata and Ceccarelli, 2016; Hata and Kato, 2004). Our
results suggest that P. adelus did not have a strong influence on the
algae and coral cover in Kimbe Bay, but did influence sediment dy-
namics on the reef flat and reef crest. The removal plots had a sig-
nificantly higher proportion of sediment compared to controls and the
pre-removal surveys. Increased benthic sediment loads within the algal
turf matrix can suppress herbivory and detritivory (Bellwood and
Fulton, 2008; Goatley and Bellwood, 2012; Tebbett et al., 2017b). In
the present study, the increase in sediment following the decrease of P.
adelus likely decreased the foraging patterns of surgeonfish, which se-
lectively target detritus and avoid sediment (Goatley and Bellwood,
2010; Purcell and Bellwood, 1993; Tebbett et al., 2017a). Tebbett et al.
(2017b) used feeding trials with Ctenochaetus striatus, a focal species in
the present study, to show that detritivorous surgeonfish can also dis-
tinguish sediment grain sizes within algal turfs and selectively feed to
avoid fine sediments. Recent research confirms that total sediment
loads can mediate feeding selectivity of some surgeonfish but that
species-specific differences are present (Tebbett et al., 2017c). To-
gether, this suggests that P. adelus contributes to the overall sediment

dynamics and benthic herbivory and detritivory patterns in Kimbe Bay.
In conclusion, our research indicates that the paradigm that all

territorial damselfish negatively impact roving herbivores through
territorial behaviour is not always the case. In Kimbe Bay, P. adelus did
not have a major impact on parrotfish and rabbitfish abundance and
foraging activity and did not influence the algae and coral assemblages.
Instead, P. adelus, an intermediate territorial damselfish, positively in-
fluenced surgeonfish foraging and reef sediment dynamics. This finding
adds to the growing view that the interactions between these families of
fishes is complex. Previous studies suggesting that all territorial dam-
selfish reduce foraging rates of roving herbivores may not be applicable
in all systems, or for all species. We suggest that this particular dam-
selfish does not influence the feeding rates of surgeonfish through direct
aggressive interactions, but instead contributes indirectly by removing
sediment from algal turfs. Understanding how guilds of fishes interact
with one another and their environments is important in the face of
increasing anthropogenic and climate change associated impacts. As
sediment inputs onto coral reefs continue to increase globally through
terrestrial runoff, dredging, and other coastal land use practices, un-
derstanding the interactions and ecological processes among fishes on
coral reefs is critical.
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