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Abstract Niche theory predicts that coexisting species

minimise competition by evolving morphological or

behavioural specialisations that allow them to spread out

along resource axes such as space, diet and temporal

activity. These specialisations define how a species inter-

acts with its environment and, by extension, determine its

functional role. Here, we examine the feeding niche of

three species of coral reef-dwelling rabbitfishes (Siganidae,

Siganus). By comparing aspects of their feeding behaviour

(bite location, bite rate, foraging distance) with that of

representative species from two other abundant herbivo-

rous fish families, the parrotfishes (Labridae, Scarus) and

surgeonfishes (Acanthuridae, Acanthurus), we examine

whether rabbitfishes have a feeding niche distinct from

other members of the herbivore guild. Measurements of the

penetration of the fishes’ snouts and bodies into reef con-

cavities when feeding revealed that rabbitfish fed to a

greater degree from reef crevices and interstices than other

herbivores. There was just a 40 % overlap in the penetra-

tion-depth niche between rabbitfish and surgeonfish and a

45 % overlap between rabbitfish and parrotfish, compared

with the almost complete niche overlap (95 %) recorded

for parrotfish and surgeonfish along this spatial niche axis.

Aspects of the morphology of rabbitfish which may

contribute to this niche segregation include a compara-

tively longer, narrower snout and narrower head. Our

results suggest that sympatric coexistence of rabbitfish and

other reef herbivores is facilitated by segregation along a

spatial (and potentially dietary) axis. This segregation

results in a unique functional role for rabbitfishes among

roving herbivores that of ‘‘crevice-browser’’: a group that

specifically feeds on crevice-dwelling algal or benthic

organisms. This functional trait may have implications for

reef ecosystem processes in terms of controlling the suc-

cessional development of crevice-based algal communities,

reducing their potential to trigger macroalgal outbreaks.
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Resilience

Introduction

On coral reefs, interest in quantifying and conserving

functional diversity as a means of managing reef resilience

has created an imperative for identifying the functional

traits of individual species (Bellwood et al. 2004; Hughes

et al. 2005; Nyström et al. 2008). There is now a desire to

understand the functional roles of individual species on

reefs and the extent to which each contributes to reef

resilience (Hughes et al. 2005; Burkepile and Hay 2008,

2011). For example, it is a long-established fact that her-

bivorous fishes as a group play a key role in supporting the

health of coral reefs (Hatcher and Larkum 1983; Lewis

1986; Scott and Russ 1987), but work carried out to

examine the functional traits of individual species has now

shown that not all herbivores are equal. Research has

uncovered important distinctions in the functional roles of
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herbivorous fishes, such as the dichotomy between

‘‘scraping’’ and ‘‘excavating’’ parrotfishes (Labridae)

(Bellwood and Choat 1990; Bruggemann et al. 1994), the

differential impact of parrotfish and surgeonfish feeding on

algal communities (Burkepile and Hay 2008, 2011) and the

varying importance of individual herbivores in the pre-

vention (Bellwood et al. 2003; Mumby 2006) and reversal

(Bellwood et al. 2006; Hoey and Bellwood 2009; Bennett

and Bellwood 2011) of macroalgal phase shifts.

The diversity of functional roles of individual species of

parrotfishes (Labridae) and surgeonfishes (Acanthuridae)

on reefs, and their complementary feeding patterns, is

therefore well established (Mumby et al. 2006; Burkepile

and Hay 2008, 2011). Less-well understood is the ecosys-

tem role of a third family of herbivorous fishes that are

common to reefs of the Indo-Pacific and Red Sea (Wood-

land 1990): the rabbitfishes (Siganidae) (but see Fox et al.

2009). Throughout their range, rabbitfishes occur in

sympatry with parrotfishes and surgeonfishes, with the

three families together dominating the populations of large

([15 cm) reef herbivores. Of the species of siganid that are

most closely associated with coral reefs, many are brightly

coloured and pair as adults (Woodland 1990), but their

functional ecology has not been investigated in detail.

Perhaps because of their close evolutionary relationship to

the surgeonfishes (Winterbottom and McLennan 1993),

and the fact that species of both families feed off the epi-

lithic algal matrix (EAM) (sensu Wilson and Bellwood

1997), previous classifications of herbivore functional

diversity on the Great Barrier Reef (GBR) have seen the

reef-dwelling rabbitfishes grouped together with sur-

geonfishes belonging to the genus Acanthurus in the role of

‘‘algal grazer’’ (Choat 1991; Choat et al. 2002; Green and

Bellwood 2009) or ‘‘algal browser’’ (Cheal et al. 2010,

2012). Our question was whether reef-dwelling species of

siganid really do represent an element of functional

redundancy or whether they have a unique functional role?

At the basis of any examination of a species’ functional

role is an understanding of the ecological niche it exploits.

Niche theory predicts that coexisting species minimise

competition by evolving ecological, morphological or

behavioural specialisations that allow them to spread out

along the various resource axes (MacArthur 1958; Hutch-

inson 1959). It is these specialisations that define how a

species interacts with its environment, or its functional

role. An understanding of the role of an organism therefore

starts with an examination of the niche it exploits. As

competitors for limited algal resources, theory would pre-

dict that coexisting reef herbivores would evolve speciali-

sations that enable them to exploit different portions of the

resource axes such as space (habitat), nutrition (diet) or

time (temporal activity). In the case of parrotfish, for

example, the exploitation of a particular resource (the

detrital and particulate component of the EAM) has

resulted in them occupying a new, restricted, niche space

(Choat et al. 2002; Cowman et al. 2009). This process has

been facilitated by the evolution of morphological adap-

tations (oral jaws and stomach) that enable them to deal

with high sediment loads (Bellwood 1994). Essentially,

competition has driven specialisation and niche restriction,

which now defines how parrotfishes interact with the reef

substratum and, hence, their functional role, with separate

groups now classified as scrapers, grazers or excavators

(Bellwood and Choat 1990; Streelman et al. 2002).

Examination of the niche that an organism exploits, and the

traits that enable it to occupy that niche, therefore offers an

insight into its functional ecology.

The primary aim of this study was to examine the

feeding niche of reef-dwelling species of rabbitfish and the

morphological traits that enable them to occupy that niche.

This characterisation of feeding niche was a precursor to

determining whether siganids have a functional role dis-

tinct from other reef herbivores, that is, whether they rep-

resent an example of functional complementarity (sensu

Hooper 1998; Petchey 2003; Petchey et al. 2004) or whe-

ther they constitute an element of functional redundancy

(i.e., low functional complementarity) within the grazing/

detritivorous feeding guild. Specifically, we compared the

feeding behaviour (bite location, bite rate, foraging dis-

tance) and morphology of three species of rabbitfish

belonging to the coral reef-dwelling, pair-forming sub-

clade of the Siganidae (Borsa et al. 2007), with represen-

tative species from the two other numerically dominant

families of herbivorous fishes: the parrotfishes and sur-

geonfishes. We then use these comparative behavioural and

morphological measures to assess the potential for rabbit-

fish to exploit a novel feeding niche within the grazing

guild.

Materials and methods

Field observations

Observations of the feeding behaviour of siganids, acan-

thurids and labrids were carried out at four sites around

Lizard Island, Australia (14�400S, 145�280E), a granitic

island in the northern section of the GBR (Electronic

Supplementary Material, ESM Fig. S1). The four sites

encompassed back reef, patch reef and fringing reef envi-

ronments and were all representative of sheltered habitats

at the location (Hoey and Bellwood 2010). All sites were

characterised by high (20–50 %) live coral cover, including

branching and plating acroporids, pocilloporids, mound

poritids and soft corals, interspersed by small patches of

sand, coral rubble and consolidated reef substratum. At
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each site, observations of herbivore feeding were con-

ducted over reef-flat and crest habitats, to a maximum

depth of 5 m. Sites were selected based on the combined

presence of populations of the three study species of sig-

anid (Siganus corallinus, S. puellus and S. vulpinus), the

selected representative species of acanthurid (Acanthurus

nigrofuscus, A. blochii, A. nigricauda) and scarid (Scarus

rivulatus, Sc. frenatus, Sc. niger); we denote the genus

Scarus by Sc., rather than the conventional S., to differ-

entiate between Scarus spp. and Siganus spp.).

At all four sites, divers on SCUBA measured the max-

imum distance (in mm) to which individuals of the nine

species penetrated concavities in the reef substratum with

either their snout (to the anterior portion of the orbit) or

body in order to take a bite. Two observers collected all

bite-depth measurements following a calibration exercise

to ensure consistency of protocols. All depth measures

were taken using vernier callipers (0.1 mm accuracy).

Methods were based around focal individual censusing

where an individual of the target species was selected and

followed at a distance of approximately 2 m until it took a

bite. The location of the bite was fixed by the observer who

first noted whether the animal had penetrated the concavity

to a depth up to or beyond its orbital socket (i.e., snout or

body penetration) and then measured the distance from the

bite to a line between the two highest adjacent points on the

reef substratum within a 4-cm-diameter area of the bite for

snout penetration and within a 20-cm-diameter area of the

bite for body penetration (Fig. 1). These maxima effec-

tively defined the gap in the reef substratum that could be

classified a crevice or interstice in the current study. Sep-

arate categories were used for snout and body penetration

in order to capture two distinct spatial scales of relative

inaccessibility: (1) where individuals fed in microscale reef

crevices (snout penetration) and (2) where bites were taken

from deeper within larger reef cavities (body penetration)

(Fig. 1). Since snout penetration could not be observed in

cases of body penetration, it was conservatively assumed to

be 0 cm. Bite depths were measured along the angle at

which the fish was observed feeding (Fig. 1). For fishes

biting off flat or convex parts of reef in open areas, the

penetration depth was recorded as 0 cm (snout and body).

In instances where the precise location of the bite could not

be fixed by the observer (for body penetration) or where the

base of the crevice or cavity extended far beyond the

visually estimated depth to which the animal had fed

(based on the proportion of its body that has disappeared

into the reef substratum) and the observer could therefore

not be confident in the location of the bite, the observation

was discarded. Observations were collected throughout

October 2011, with a total of 4,742 bites measured, and

similar numbers of observations across sites and individual

species (Siganidae n = 1,728, Labridae n = 1,401, Acan-

thuridae n = 1,613).

Observations of foraging patterns of all nine species

were made at two of the four study sites and were quan-

tified by (1) the feeding rate of an individual (in bites -

min-1) and (2) the distance swum (in m) by an individual

between each feeding foray (where a foray is defined as a

discrete feeding bout with no interval between bites other

than that required to reapply the jaws to the substratum).

Both variables were collected simultaneously by two

observers on SCUBA. The same observer collected all data

relating to feeding distances to ensure that any bias in

distance estimates was consistent and estimates were val-

idated prior to the study using measuring tapes. An adult

fish was followed for a period of acclimation (1–2 min),

then the total number of bites taken over a 5-min time

period was recorded. At the same time, the distance swum

by the individual between each feeding foray was esti-

mated, with observations placed into one of seven cate-

gories (0–1 m, 1–5 m, 5–10 m, 10–15 m, 15–20 m,

20–30 m, [30 m). The average distance travelled by an

individual between forays was then calculated as:

Ri di:nið Þð Þ � F�1, where d = the mid-point of each distance

category i, n = number of observations in category i and

F = total number of forays recorded during the observa-

tion time period. For each of the three families, individual

(a) (b) (c)

Fig. 1 Schematic of the methods used to measure snout and body

penetration depths by herbivorous fishes into concavities in the reef

substratum. Penetration was measured relative to an imaginary line

between the two highest adjacent points on the reef substratum within

a a 4-cm-diameter area of the bite in the case of snout penetration and

b a 20-cm-diameter area of the bite in the case of body penetration.

c Depth measurements were taken along the angle at which the fish

penetrated the crevice or interstice
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foraging distances were averaged to obtain a family mean

at each site. Data on the number of bites taken by an

individual within the 5-min observation period were con-

verted to a feeding rate (bites min-1) and these rates

averaged to obtain both species-level and family-level

means at each of the sites.

Data analyses

The relative ranking of depths to which species of partic-

ular families penetrated the substratum with their snouts or

bodies was consistent across the four sites, with Kruskal–

Wallis analysis of variance by rank displaying no signifi-

cant differences in the distribution of samples in terms of

snout (Kruskal–Wallis, H = 4.153, df = 3, P = 0.245) or

body (Kruskal–Wallis, H = 3.210, df = 3, P = 0.360)

penetration. Penetration data from the four sites were

therefore amalgamated to form the basis of all further

comparisons between families. Observations of the depth

of bite penetration (either snout or body) were grouped into

1 cm classes, and the relative frequency of bites in each

depth class was calculated. Among-family differences in

depth-utilisation distributions were examined via a series

of Kolmogorov–Smirnov two-sample tests, with signifi-

cance levels adjusted to account for multiple comparisons

(Bonferroni correction, a = 0.017). Using the relative

frequencies of bites in each depth class, the breadth of

niche utilised by each of the three families of herbivores

along this bite-depth axis was then calculated using Levins’

(1968) niche breadth index, B ¼ 1= nRp2
xi

� �
, where pxi is

the proportion of bites observed by family x in depth cat-

egory i and n is the total number of depth categories into

which data are grouped. The value of B will therefore lie

between 1/n (indicating a narrow niche utilising only one

of the available depth categories) and 1 (indicating a broad

niche with equal proportions of bites across all depth cat-

egories). The degree of overlap in bite-depth niche between

families was also calculated using Schoener’s (1970)

index, C ¼ 100 1� 1=2
P

pxi � pyi

�� ��� �� �
, where pxi and pyi

are the proportions of bites by family x and family y in the

depth category i. The niche overlap indices were calculated

as a series of pairwise comparisons between the three

herbivore families.

Family-level comparisons of feeding rates and foraging

distances were made via two-way ANOVAs, with family and

site as fixed factors. Analysis of both variables was based on

Type III sums of squares to adjust for slight unevenness of

within-group sample sizes, and foraging distances were

log10(x ? 1)-transformed to improve normality and homo-

scedasticity of the data. There was no significant interaction

between the effects of site and family (ANOVA,

F(2,256) = 1.812, P = 0.116), and no significant main effect

of site on individual family feeding rates (ANOVA,

F(1,256) = 2.395, P = 0.124); therefore, data from the two

sites were combined and family comparisons of feeding rates

made via a one-way ANOVA, with family as a fixed factor.

Similarly, the effect of family on foraging distances was

consistent across sites with no significant family*site inter-

action (ANOVA, F(2,256) = 0.165, P = 0.848), and there

was no significant main effect of site on family foraging

distances (ANOVA, F(1,256) = 0.017, P = 0.898); there-

fore, data from the two sites were combined and family

comparisons of (log10(x ? 1)-transformed) foraging dis-

tances were likewise made via a one-way ANOVA with

family as a fixed factor. The potential for particular species to

be driving any of the observed differences in family-level

feeding rates and foraging distances was examined via

separate one-way ANOVAs to compare species-level vari-

ation in feeding rate and foraging distance within the three

individual families.

Morphological analyses

The head morphologies of the three families were exam-

ined based on measurements taken from representative

species (number of specimens in parenthesis): Sigani-

dae = S. corallinus (10), S. vulpinus (6); Labridae (par-

rotfishes) = Sc. rivulatus (9), Sc. frentatus (6), Sc. niger

(4); and Acanthuridae = A. nigrofuscus (6), A.blochii (6),

A. nigricauda (6). A series of 12 variables were used to

characterise external head morphology (Table 1), with

measurements taken on anaesthetised individuals collected

from around Lizard Island. Variables were measured to the

nearest 0.1 mm using vernier callipers and standardised by

the standard length (SL) of the fish. Variation in mor-

phology between families was then explored using princi-

pal components analysis (PCA), based on a correlation

matrix of the 12 standardised variables. Identification of

distinct morphological groupings was made using Ward’s

cluster analysis, based on squared Euclidean distances. An

h-plot of factor loadings representing the correlations

between each morphological variable and the first two

principal components was used to determine the relative

importance of individual aspects of cranial morphology in

driving the separation of species within the reduced space.

Results

Feeding depth penetration

At all four sites, rabbitfishes fed from significantly more

inaccessible locations in terms of both snout penetration

depth (Kruskal–Wallis analysis of variance by ranks,

H = 1,018.43, df = 2, P \ 0.001) and body penetration
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depth (Kruskal–Wallis analysis of variance by ranks,

H = 537.02, df = 2, P \ 0.001) (Fig. 2, Table 2). This

pattern of feeding in reef crevices and interstices was

shared by all three species of rabbitfish examined (Fig. 2),

with the only difference between species being a statisti-

cally lesser degree of body penetration by S. puellus

compared to that observed for S. corallinus (Table 3). For

the siganids, instances of snout penetration were more

common than body penetration at each of the four sites

(relative frequencies of snout/body penetration ranged

from 60:40 at Big Vicki’s site to 71:29 at Entrance Bom-

mie site) but both bite categories were observed in suffi-

ciently high frequencies at all sites to yield the significant

differences in feeding behaviour between siganids and

other reef herbivores reported. The overall depth-frequency

distribution of bites (snout or body penetration) taken by

rabbitfishes was significantly different to that observed for

parrotfishes (Kolmogorov–Smirnov two-sample test,

P \ 0.005) and surgeonfishes (Kolmogorov–Smirnov two-

sample test, P \ 0.001), indicating segregation between

siganids and the other two families along this particular

niche axis (Fig. 3). The degree of niche overlap in terms of

microhabitat utilisation between rabbitfishes and parrotf-

ishes was 45.0 %, with just a 40.0 % overlap observed

between siganids and their surgeonfish relatives. This

compared to almost complete overlap of feeding niche

(94.7 %) between surgeonfishes and parrotfishes (Fig. 2).

The breadth of the feeding-depth niche occupied by

Table 1 Variables used to characterise head morphology of species of the three dominant families of roving herbivorous reef fishes (rabbitfishes,

parrotfishes and surgeonfishes) at Lizard Island, GBR

Variable Abbreviation Definition

Standard length SL Tip of closed mouth to end of last hypural plate

Head length HL Tip of closed mouth to posterior edge of operculum

Head depth HD Depth of head on axis through centre of orbital socket

Head width HW Thickness of head at posterior edge of orbit socket

Body depth BD Depth of body at first dorsal fin spine

Body width BW Width of body at thickest part

Snout length SL Tip of closed mouth to anterior edge of orbit along horizontal axis

Snout protrusion SP Tip of closed mouth to anterior edge of orbit along diagonal axis

Eye diameter ED Diameter of orbital socket measured along anterior–posterior axis

External jaw width JE External width of jaws taken at posterior edge of maxilla

Horizontal gape GH Internal horizontal distance between coronoid processes of articular

Vertical gape GV Internal vertical distance from tip of premaxilla to dentary with jaw protruded
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Fig. 2 Variation in the penetration depth of bites taken by represen-

tative species of parrotfishes, surgeonfishes and rabbitfishes at (n = 4)

sites around Lizard Island, GBR, showing relative accessibility of

feeding locations utilised by individual families. Feeding depth is

described in terms of the average distance (mm ± SE) fishes in each

family penetrate their snout or body into concavities in the reef

substratum in order to bite. Mean depth penetrations are shown for the

three families, with data for the Siganidae broken down into

constituent species (Siganus vulpinus was absent at one of the sites)

Table 2 Multiple pairwise comparisons of mean ranks of snout

penetration and body penetration feeding depths among families of

herbivorous reef fishes at Lizard Island, GBR

Body depth

penetration

Snout depth penetration

Rabbitfishes

(Siganidae)

Surgeonfishes

(Acanthuridae)

Parrotfishes

(Labridae)

Rabbitfishes

(Siganidae)

Z = 17.285

P \ 0.001***

Z = 17.195

P \ 0.001***

Surgeonfishes

(Acanthuridae)

Z = 11.844

P \ 0.001***

Z = 0.540

P = 1.00

Parrotfishes

(Labridae)

Z = 8.875

P \ 0.001***

Z = 2.492

P = 0.038

Significant differences between families are highlighted with asterisks

(***), with significance level Bonferroni-adjusted (a = 0.0167) to

account for multiple comparisons
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rabbitfishes was four times greater (0.219) than that occu-

pied by surgeonfishes (0.052) or parrotfishes (0.058).

Foraging patterns

Rabbitfishes fed at a significantly slower rate than the two

other families of reef herbivores (ANOVA, F(2,259) = 133.52,

P \ 0.001), taking an average 4.6 ± 0.3 bites.min-1

(mean ± SE) compared to 19.6 ± 1.2 bites.min-1 by

parrotfishes and 19.9 ± 1.5 bites.min-1 by surgeonfishes

(Fig. 4a). These family-level feeding rates were not sig-

nificantly influenced by the behaviour of particular spe-

cies for either the parrotfishes (ANOVA, F(2,82) = 0.8097,

P = 0.452) or surgeonfishes (ANOVA, F(2,77) = 0.219,

P = 0.804). Within the Siganidae, S. puellus showed the

greatest degree of behavioural distinction, feeding at a

significantly slower rate than both S. corallinus and S.

vulpinus (ANOVA, F(2,94) = 19.276, P \ 0.001) and tak-

ing less than half the number of bites.min-1 as its con-

specifics (Fig. 4b).

Rabbitfishes also travelled significantly greater distances

between feeding forays than either parrotfishes or sur-

geonfishes (ANOVA, F(2,259) = 46.306, P \ 0.001). On

average, the species of rabbitfish examined here travelled

8.4 m (±1.0 SE) between forays, more than four times

further than the 1.9 m (±0.11 SE) travelled by parrotfishes

and the 2.0 m (±0.19 SE) travelled by surgeonfishes

(Fig. 5a). Once again, the overall mean foraging distance

recorded here for Labridae as a family was not influenced

by the behaviour of any individual parrotfish species, with

foraging distances consistent across species (ANOVA,

F(2,82) = 0.135, P = 0.874). For the surgeonfishes, the

Table 3 Multiple pairwise comparisons of mean ranks of snout

penetration and body penetration feeding depths among species of

rabbitfishes (Siganidae) at Lizard Island, GBR

Body depth

penetration

Snout depth penetration

Siganus
corallinus

Siganus
puellus

Siganus
vulpinus

Siganus corallinus Z = 0.120

P = 1.00

Z = 2.476

P = 0.040

Siganus puellus Z = 2.982

P \ 0.009***

Z = 1.912

P = 0.168

Siganus vulpinus Z = 8.875

P = 0.832

Z = 1.818

P = 0.207

Significant differences between species are highlighted with asterisks

(***), with significance level Bonferroni-adjusted (a = 0.0167) to

account for multiple comparisons
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Fig. 3 Variation in resource use along a niche axis as shown by

frequency distribution of the feeding depth (in cm) of parrotfishes

(dashed line), surgeonfishes (solid grey line) and rabbitfishes (solid
black line). Curves have been fitted to data points, which have been

omitted for clarity. Proportion of area shared by curves represents

proportion of overlap in substratum resource use between families
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Fig. 4 a Variation in the feeding rates (mean bites. min-1 ± SE) of

three families of herbivorous fishes at Lizard Island, GBR (parrotf-

ishes n = 85, surgeonfishes n = 80, rabbitfishes n = 97). Data are

pooled across sites due to the absence of significant differences in

feeding rates between sites. b Detail of the variation in feeding rates

among the species of rabbitfish Siganus corallinus, S. vulpinus and

S. puellus. Letters above bars represent homogenous groupings as

classified by post hoc means comparisons (Tukey’s HSD) for that data

set (i.e., separate calculations performed for between- and within-

family comparisons with Bonferroni adjustment of significance

levels)
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average distance travelled between forays by A. blochii

(2.6 m) was statistically greater than that travelled by A.

nigrofuscus (1.3 m) (ANOVA, F(2,77) = 4.643, P \ 0.05).

However, both of these distances were still much lower

than the average distance travelled by rabbitfishes between

forays, making it unlikely that results for an individual

surgeonfish species were driving the inter-family behav-

ioural comparisons. Among individual species of rabbit-

fish, S. puellus again showed the greatest degree of

behavioural distinction, with a significantly larger distance

travelled between forays than S. corallinus and S. vulpinus

(ANOVA, F(2,94) = 11.211, P \ 0.001) (Fig. 5b).

Morphology

Principal components analysis revealed a distinct separa-

tion of herbivore families based on head morphology

(Fig. 6a). The first two principal components explained

67.3 % of the variation, with the parrotfishes separated

from the other two families along PC1 (41.6 % of varia-

tion) and the rabbitfishes and surgeonfishes separated along

PC2 (25.7 %) (Fig. 6a). Cluster analysis confirmed the

separation of the observations into three distinct groups

based on family. The separation of rabbitfishes from sur-

geonfishes along the second principal component was dri-

ven by rabbitfishes having a longer snout length, narrower

snout (external jaw) width and shallower head depth

(Fig. 6b).
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Fig. 5 a Variation in the foraging distances (mean distance swum

between feeding forays ± SE) of the three main families of

herbivorous fishes at Lizard Island, GBR (parrotfishes n = 85,

surgeonfishes n = 80, rabbitfishes n = 97). Data are pooled across

sites due to the absence of significant differences in foraging distances

between sites. b Detail of the variation in foraging distance among the

three species of rabbitfish Siganus corallinus, S. vulpinus and

S. puellus. Letters above bars represent homogenous groupings as

classified by post hoc means comparisons (Tukey’s HSD) for that

particular data set (separate calculations were performed for between-

and within-family comparisons with Bonferroni adjustment of

significance levels)
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Fig. 6 Principal components analysis showing relationship among

external head morphologies of the three main families of herbivorous

fishes on coral reefs: parrotfishes, surgeonfishes and rabbitfishes.

a Ordination plot showing the relationship among representative

species of these families along the first two principal components.

Circles enclose distinct groupings identified by Ward’s cluster

analysis, based on squared Euclidean distances b h-plot of correla-

tions between original morphological variables and the first two

principal components. Cosine of the angle between variable and

principal component represents relative strength of the correlation.

Only variables with strong correlations are displayed for purposes of

clarity. Morphological variables are labelled as in Table 1. Main

effects of variables are represented by stylised drawings of head

morphologies (side-on and top-down views) of the three families
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Discussion

The functional role of pairing, coral reef-dwelling rab-

bitfishes such as S. corallinus, S. puellus and S. vulpinus

has previously been assumed to be the same as that of

surgeonfish belonging to the genus Acanthurus, with the

genera grouped together as ‘‘algal grazers’’ (Choat 1991;

Choat et al. 2002; Green and Bellwood 2009) or ‘‘algal

browsers’’ (Cheal et al. 2010, 2012). The results of the

current study point to an important difference between the

two genera. Although both graze or browse the algal and

detrital components of the EAM, the location of their

impact appears to differ markedly when viewed at the scale

of these crevice microhabitats. Examination of the feeding

behaviour of species belonging to these two genera

revealed that the rabbitfish S. corallinus, S. puellus and

S. vulpinus feed to a significantly greater extent in reef

crevices than do the surgeonfishes or parrotfishes. The

different feeding behaviours reported here could minimise

direct competition for resources, thereby facilitating

coexistence among these three groups of herbivores. This

differentiation in foraging niches appears to be facilitated

by morphological specialisations. The result is that the

species of rabbitfish examined here exhibit a unique feed-

ing role among reef herbivores, in that they feed on cre-

vice-dwelling benthic organisms.

Of the major cases of trophic innovation previously

reported on reefs, most are related to feeding biomechanics

(Wainwright and Bellwood 2002), such as the evolution of

new properties of the oral jaws and hyoid apparatus that

separates the parrotfishes from the rest of the Labridae

(Streelman et al. 2002; Wainwright et al. 2004; Cowman

et al. 2009), the variation in osteology of the oral jaws and

tooth structure that distinguishes the genus Ctenochaetus

from the remaining Acanthuridae (Purcell and Bellwood

1993), or the evolution of a novel intramandibular joint in

the Pomacanthidae and other deep-bodied species (Konow

and Bellwood 2005). In all these cases, innovations are

linked to the exploitation of new dietary resources, such as

detritus (parrotfishes, Ctenochaetus) or firmly attached

benthic prey (Pomacanthids). The Siganidae too show

morphological modifications in terms of their relatively

elongate snout (current study), the possession of a pre-

palatine bone attached to the anterior of the palatine (Starks

1907), poorly developed backward spines from the pre-

maxilla and short processes at the front of the maxilla,

resulting in the upper jaw exhibiting a swinging, rather

than sliding, motion (Starks 1907). They also possess an

intramandibular joint that allows for augmented gape

expansion (Konow et al. 2008). Whilst the functional

consequences of the sliding jaw motion and intramandib-

ular joint have yet to be investigated, it appears from this

study that the elongate snout of the reef-dwelling species of

siganid has given rise to a trophic innovation. This time

based on accessing a new location: crevice-based algal or

benthic communities.

Of course, the novel location may ultimately be linked

to a novel dietary target. The crevice-based benthic com-

munities may harbour a particular resource that the siga-

nids are targeting. In this study, rabbitfishes appeared to

show a greater degree of selectivity in their feeding

behaviour than either surgeonfish or parrotfish (lower

feeding rates and greater distances swum between forays),

which may suggest they are targeting a specific, and pos-

sibly higher reward, resource within reef crevices. All of

the species studied here are currently recorded as feeding to

some degree on benthic algae (Woodland 1990; Randall

et al. 1997), but there are no published details of gut

contents to the individual taxa level of the kind that are

required to confirm the dietary specialist hypothesis. Dur-

ing the current study, many of the crevices where rabbitf-

ishes were observed feeding were populated by species

of red macroalgae such as Hypnea sp., Laurencia sp.,

Amphiroa sp. and Galaxaura sp. The greater degree of

selectivity recorded here may indicate that rabbitfish are

targeting these larger foliose and thallate algal forms, or it

may be that they are selecting for other dietary items

associated with the later successional-stage benthic com-

munities characterised by such algal species. Of the three

siganid species examined here, S. puellus demonstrated the

greatest degree of feeding selectivity in terms of a signif-

icantly slower bite rate and significantly greater distance

travelled between feeding forays. More detailed dietary

analysis will be required to determine whether resource

selectivity lies behind the exploitation of this novel feeding

niche by siganids. Nevertheless, from a functional per-

spective, the exploitation of EAM within inaccessible parts

of reef substratum by these species of rabbitfish gives rise

to a new example of complementary feeding behaviour

within the herbivore guild (Burkepile and Hay 2008, 2011)

and a new type of functional diversity at a small spatial

scale.

Based on the idea that a positive relationship exists

between functional trait diversity and ecosystem stability

(Hector 1998; Loreau et al. 2001), the niche partitioning of

crevice microhabitats by the rabbitfish species examined

here could play an important role in suppressing algal

impacts on reef corals. Herbivore feeding impacts the

successional development of benthic communities, with

feeding disturbance keeping the algal community in an

early stage of succession (Steneck and Dethier 1994; Lotze

et al. 2000). It is this regime of disturbance that prevents the

development of later successional stages of algal commu-

nities and the proliferation of typically unpalatable mac-

roalgal species that are associated with these later stages

(Steneck and Dethier 1994). The potential importance of
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the crevice-feeding behaviour of the pairing, reef-dwelling

rabbitfish, such as the three species examined here, may lie

in the fact that they create a feeding disturbance in those

areas of the reef that are less accessible to other species of

roving herbivore. Although topographic complexity has

been shown to be positively correlated with herbivore

grazing (e.g., Vergés et al. 2011), such studies are based on

comparisons between reef-zones (e.g., reef-flat vs. lagoon)

and are attributable to effects such as increased habitat

complexity providing greater shelter availability. Viewed at

the microhabitat scale, however, structurally complex

habitats can suppress the feeding of roving herbivores

(Bennett et al. 2010). For example, on the GBR, the brown

macroalgae Lobophora variegata, responsible for the

majority of documented phase shifts within the region over

the last decade (Cheal et al. 2010), is known to take hold

within structurally complex areas of branching-coral habi-

tat (Jompa and McCook 2002; Bennett et al. 2010). Studies

have demonstrated that grazing on early life-stages of this

species can control the alga (Lotze et al. 2000; Jompa and

McCook 2002; Diaz-Pulido and McCook 2003), whereas

the later life-stages are less palatable to reef herbivores

(Paul and Hay 1986; Bennett et al. 2010). The establish-

ment of these later life-stages may represent a positive

feedback loop in the potential shift from a coral-dominated

to less desirable algal-dominated state (cf. Hoey and Bell-

wood 2011). By feeding within structurally complex and

inaccessible areas of reef, the functional significance of the

pairing, reef-dwelling rabbitfishes may lie in preventing the

establishment of positive feedback loops. Of the surveyed

reefs of the GBR which did not succumb to a L. variegata

phase shift, rabbitfishes were recorded as four times more

abundant than at sites of L. variegata dominance (Cheal

et al. 2010). Cheal et al. (2010) ascribe this to the impact of

S. doliatus in removing established L. variegata, but it may

also reflect the impact of the less-abundant siganid species

(e.g., S. corallinus) in preventing its initial establishment.

The scale and precise nature of the impact of crevice-

feeding on coral reef dynamics was not investigated in the

current study but will represent an important avenue for

future research.

This study highlights the potential importance of the

pairing species of rabbitfish for reefs of the GBR and may

also have wider implications across the Indo-Pacific. All

three study species have widespread distributions, with

S. corallinus (and sister S. trispilos) inhabiting reefs from

East Africa to New Caledonia, S. puellus (and sister

S. puelloides) found from the northern Indian Ocean to

New Caledonia and S. vulpinus (and sister S. unimaculatus)

distributed from Western Philippines to French Polynesia

(Woodland 1990). Although not as heavily targeted by

fishing as the schooling species of rabbitfish that inhabit

reef-flats and seagrass meadows such as S. spinus, S. sutor

or S. fuscecens (Hensley and Sherwood 1993; Campos

et al. 1994; Soliman et al. 2008), both adults and juveniles

of all three species studied here are harvested for food and

for the aquarium trade (e.g., Rhodes et al. 2008; Soliman

and Yamaoka 2010). With these pairing species already in

comparatively low abundances on reefs (Wilson et al.

2003; Cheal et al. 2012), and the fact that no functional

equivalents were found among the species of surgeonfish

and parrotfish examined at our study site, the removal of

even small numbers of the pairing species could lead to

reduced control of algae within crevice microhabitats,

possible allowing them to mature to more resistant stages

and move beyond crevices to damage broader reef habitats.

One of the strongest ecological dichotomies within the

Siganidae lies in the division between those species that

school as adults and those that form pairs, with the former

being more closely associated with seagrass or estuarine

habitats and the latter being strongly tied to coral reefs

(Woodland 1990). Our results raise questions as to how

universal the crevice-browser function is among other

pairing, reef-dwelling species of siganid, such as S.

punctatus and S. punctatissimus, and whether the function

carries over into the schooling species such as S. argen-

teus? Certainly, the elongate snout displayed by the species

studied here is not common to all members of the Sigani-

dae, with the study species possessing snout lengths that

are significantly longer than the purported extant basal

species of siganid, S. argenteus (Lacson and Nelson 1993)

(ESM Fig. S2). This may indicate that the ability to func-

tion as a crevice-browser is not universal among siganids.

However, snout length may not be the only predictor of

functional equivalence, and our results do not rule out the

possibility that species of rabbitfish with shorter snouts

than those studied here could exhibit crevice-feeding

behaviour. The siganids in the current study also penetrated

the 3-dimensional reef structure with their whole body to a

much greater extent than did parrotfishes or surgeonfishes

(Fig. 2), suggesting that the foraging behaviour of siganids

goes beyond a simplistic link between snout length and

feeding depth. The narrower relative head and body width

of rabbitfishes (Fig. 6) may facilitate this penetration of the

reef matrix, but does not completely explain the observed

differences in overall body depth penetration undertaken

by siganids compared to other families of grazer/

detritivores.

A potential explanation may lie in the behavioural dis-

tinction between some species of rabbitfish and other

roving herbivores: the formation of adult pair-bonds. This

social strategy is relatively uncommon among herbivores

yet is exhibited by many reef-dwelling species of siganid

(Woodland 1990). It may be that feeding as an exclusive

pair where one member can remain on watch, combined

with their morphology (narrow external head and body
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width), gives siganids the security and ability to forage to

greater depths than other herbivores. Further work to

investigate the tightness of the link between social strategy

and crevice-feeding will be required to test this hypothesis

and to determine whether schooling species of siganid and

those with more flexible pair-bonds such as S. doliatus also

function as crevice-browsers. Only then can we understand

more about potential evolutionary links between the elon-

gate snout, pairing and crevice-feeding by siganids on reefs

(cf. Borsa et al. 2007), and about differences in feeding

behaviour between long-snouted siganids and potential

functional analogues such as the surgeonfish Zebrasoma

sp..

The results of experiments conducted on the GBR

(Bellwood et al. 2006; Hughes et al. 2007) and in the

Caribbean (Burkepile and Hay 2008, 2011) have confirmed

that high herbivore functional diversity is a necessary

(though not always sufficient) underpinning of a resilient

reef ecosystem. Our results therefore have a broader sig-

nificance beyond the GBR, in areas where siganid popu-

lations may be reduced through overfishing or absent due

to evolutionary and biogeographic contingencies. Loss of

siganids may lay the foundation for ecological surprises by

representing the loss of top-down control of crevice-based

algal communities and taking the overall system closer to

the threshold at which it will switch to an algal-dominated

state. But it also has repercussions for the resilience of

Caribbean reefs, where the family Siganidae is not present,

despite the probability of it having historically been part of

the herbivorous fish fauna (Bellwood 1996, 1997; Tyler

and Bannikov 1997). The increased susceptibility of

Caribbean reefs to disturbances has been attributed to the

absence or depauperate state of critical functional groups

within the region (Bellwood et al. 2004), and the absence

of rabbitfishes may constitute a further example of the

reduced functionality of reefs in this region. The precise

implications of the feeding behaviour of reef-dwelling

species of rabbitfish for reef ecosystem processes have yet

to be determined; however, the potential importance of the

role played by the species examined here may mean that

they require additional attention. Rather than being exam-

ples of redundancy within the grazing guild, they appear to

be important, potentially unique, crevice-browsers. They

may therefore be more important than previously thought

and no less deserving of protection than the more dominant

families of roving herbivore in terms of their contribution

to coral reef resilience.
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