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Herbivores are a key functional group. We used an ecomorphological approach 
and a dietary analysis to compare the Acanthurus species that occur at the largest 
reef bank of the South Atlantic. We compared the dimensions of heads and 
mouths, the length and characteristics of the digestive tubes, the dentitions and 
weights of the jaw bones, and the stomach contents of Acanthurus bahianus, A. 
chirurgus, and A. coeruleus. They form two ecomorphological groups that reflect 
their phylogenetic relationships. The detrital feeders A. bahianus and A. chirurgus 
have gizzard-like stomachs and are more similar to each other, feeding on a 
lower ratio of algae. In contrast, A. coeruleus has the ecomorphological features 
and diet of a cropper, as a heavier premaxilla and dentary, and the absence of 
a gizzard. Contrasting to previous studies for the same reef bank, there was a 
greater proportion of detritus for A. bahianus and A. chirurgus (~58%), in addition 
to 30 times more detritus for A. coeruleus and a greater proportion of invertebrates 
for all species (7.5−13 times), including salps. A lower proportion of algae was 
found, even for A. coeruleus. These finds may be due to their versatile diets and to 
the neglected importance of detritus composition.

Keywords: Abrolhos Bank, Acanthuridae, Ecomorphology, Herbivory, Jaw 
morphology.
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Ecomorphology of SW Atlantic Acanthurus species

Herbívoros são um grupo funcional chave. Utilizamos uma abordagem 
ecomorfológica, juntamente com análise da dieta, para compararmos as espécies 
de peixes Acanthurus do maior banco recifal do Atlântico Sul. Comparamos 
as dimensões das cabeças e bocas, as características e comprimentos dos tubos 
digestórios, as dentições e os pesos dos ossos maxilares, além dos conteúdos 
estomacais de Acanthurus bahianus, A. chirurgus e A. coeruleus. Essas espécies 
formam dois grupos ecomorfológicos que refletem suas relações filogenéticas. 
Os detritívoros A. bahianus e A. chirurgus têm estômagos com moelas e são mais 
semelhantes entre si, alimentando-se em menor proporção de algas. Em contraste, 
A. coeruleus tem as características ecomorfológicas e dieta de um podador, com 
uma pré-maxila e dentário mais pesados, e a ausência de moela. Contrastando com 
estudos anteriores no mesmo banco recifal, encontramos uma maior proporção 
de detritos para A. bahianus e A. chirurgus (~58%), além de 30 vezes mais detritos 
para A. coeruleus e uma maior proporção de ingestão de invertebrados para 
todas as três espécies (7,5−13 vezes), incluindo salpas. Uma menor proporção na 
ingestão de algas também foi registrada, mesmo para A. coeruleus. Estes resultados 
podem ser consequência de suas dietas versáteis e à importância negligenciada da 
composição dos detritos.

Palavras-chave: Acanthuridae, Banco dos Abrolhos, Ecomorfologia, Herbivoria, 
Morfologia bucal.

INTRODUCTION

Herbivorous fishes are a key functional group in tropical reef communities (Bellwood 
et al., 2004). In addition to their major contribution to fish biomass, these fishes affect 
the distribution, abundance, and biomass of algae and the epilithic algae matrix (EAM), 
which comprises turfing algae, detritus, cryptofauna, microorganisms, unicellular algae, 
and inorganic sediment (Purcell, Bellwood, 2001; Kramer et al., 2012). In addition 
to algae, many herbivorous fishes also ingest fauna and detritus associated with the 
EAM, which might account for 10 to 78% of all food items in the algal matrix, likely 
playing a significant nutritional role for these species (Crossman et al., 2001; Choat et 
al., 2002; Wilson, 2002; Wilson et al., 2003; Bos et al., 2017). As primary consumers 
of these resources, herbivorous fishes are important links, transferring energy from the 
algal matrix/detritus to secondary consumers (Wilson et al., 2003), thereby essential 
for structuring and maintaining coral reef communities (Hay, 1991; Bellwood, 2003; 
Cordeiro et al., 2016). 

Among the dominant nominally herbivorous fishes in coral reefs (Horn, 1989; 
Bellwood et al., 2004; Francini-Filho et al., 2010), surgeonfishes (Acanthuridae) 
representing over a quarter of tropical marine herbivorous fishes (Vergés et al., 2014). 
With approximately 85 species (Tebbett et al., 2022), they have inhabited reef habitats 
since the Middle Eocene (Bellwood, 1996; Bellwood, Wainwright, 2002; Tebbett et al., 
2022). Their long evolutionary history is closely linked with that of coral reef ecosystems 
and has resulted in the emergence of species with varied morphological, physiological, 
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and behavioral characteristics (Choat et al., 2002; Friedman et al., 2016; Tebbett et 
al., 2022). These morphological variations significantly influence the potential use 
of nutritional resources, as variations in morphological traits result in differences in 
function and performance (Karr, James, 1975; Wainwright, 1991, 1994; Motta et al., 
1995). In this sense, differences in morphology among closely related species might 
indicate both evolutionary and ecological divergence, especially in sympatric and 
congeneric species (Van der Klaauw, 1948; Winemiller, 1991; Winemiller et al., 1995), 
as suggested by variations in dental and stomach morphology (Horn, 1989; Choat, 
1991; Bellwood et al., 2014a,b; Siqueira et al., 2019a; Tebbett et al., 2022), as well as 
differences in the relative length of the digestive tube (Elliott, Belwood, 2003) and 
mouth size (Norton, 1991). For morphological (head morphology) and functional traits 
(jaw motion and feeding kinematics associated to biting and pull algae off the substrate) 
specifically relating to surgeonfishes, see Mihalitsis, Wainwright (2024), Mihalitsis et al. 
(2025), and Perevolotsky et al. (2025).

Within the South Atlantic, the Abrolhos Bank, Bahia State, Brazil, is the largest and 
most biodiverse reef system (Joly et al., 1969; Leão, Kikuchi, 2001; Dutra et al., 2005; Segal, 
Castro, 2011), encompassing approximately 11% nominally herbivorous fish species 
among its ichthyofauna (Moura, Francini-Filho, 2006). Three species of Acanthurus, 
Acanthurus bahianus Castelnau, 1855, A. chirurgus (Bloch, 1787), and A. coeruleus Bloch & 
Schneider, 1801, are especially abundant in this region, being widely distributed along 
the Brazilian coast, playing key ecological roles in various habitats (Menezes et al., 2003; 
Francini-Filho et al., 2010). These species present distinct feeding habits, with A. coeruleus 
being largely associated with algae and EAM ingestion (see Ferreira, Gonçalves, 2006; 
Francini-Filho et al., 2010; Siqueira et al., 2019a), while A. chirurgus and A. bahianus, two 
phylogenetically closer species (Sorenson et al., 2013; Friedman et al., 2016; Siqueira 
et al., 2019b), are considered sediment suckers (Tebbett et al., 2022). This variation in 
feeding ecology offers valuable insights into their functional roles, which is crucial for 
understanding the dynamics of herbivorous fishes in this reef bank.

Coral reefs, the most biodiverse of all marine ecosystems, are at the forefront of 
environmental changes (Barlow et al., 2018), and the configurations of these ecosystems 
will continue to change as coral cover decreases due to anthropogenic impacts and 
climate change (Bellwood et al., 2019a; Vercelloni et al., 2020; Tebbett et al., 2022). 
In this sense, the roles played by different functional groups may change, and defining 
the main ecosystem functions to be preserved may depend on context (Bellwood et al., 
2019b; Tebbett et al., 2022). Despite extensive research on herbivorous fish in Indo-
Pacific reefs (Siqueira et al., 2019a; Tebbett et al., 2022), studies in the South Atlantic 
remain limited. So, considering the close link between form and function, related to 
how fish species use food resources (see Karr, James, 1975; Wainwright, 1991, 1994; 
Motta et al., 1995), we describe and compare the feeding morphology and diet of the 
three Acanthurus species in the Abrolhos coral reef system. Our study thus addresses 
three main questions within the context of the ecomorphological hypothesis that 
species with similar feeding morphologies share similarities in ecology: (1) How do 
these Acanthurus species differ in their feeding morphology? (2) Do such differences 
reflect differences in the use of food resources? (3) Do their diet compositions differ in 
the proportions and categories of ingested items? By answering these questions, we aim 
to contribute to understanding the functional roles of surgeonfishes in the Brazilian 
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Province. We expect to find the closest similarities between A. bahianus and A. chirurgus 
due to their close evolutionary relationships (see Sorenson et al., 2013; Friedman et al., 
2016; Siqueira et al., 2019b). 

MATERIAL AND METHODS

Study site and collections. A field study was conducted in the Abrolhos Bank, 
northeastern Brazil (16–20°S 37–39°W), at sites up to 20 m deep. The Abrolhos bank 
is an enlargement of the continental shelf with an area of approximately 46,000 km² 
(Moura et al., 2013). The main coral reef formations consist of mushroom-shaped 
pinnacles 5–25 m in height and 20–300 m in length at their top (Francini-Filho et al., 
2013). Due to its relatively high degree of endemism and specificity, the Abrolhos Marine 
National Park (AMNP) was created in 1983 to promote environmental protection 
against fishing activities in two discontinuous areas: Timbebas and the Archipelago 
and Parcel dos Abrolhos. The field activities detailed below were conducted at AMNP 
and the coastal Parcel das Paredes (PP), within the Ponta da Baleia Environmental 
Protected Area (Fig. 1).

FIGURE 1 | Map of the Abrolhos Bank, northeastern Brazil, showing study sites and marine protected 

areas. AMNP = Abrolhos Marine National Park; PP = Parcel das Paredes. 
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Fish collections were conducted during the austral summer (February 2016, March 
2017) and spring (October 2017), totaling 25 sampling days. Fresh fish specimens 
were collected by speargun during their diurnal foraging activity at the study site 
(between 08:00–17:00 h; FZG, 2016, pers. obs.), always after ingestion events, and 
were immediately euthanized by pithing. As references for confirmation of species 
identification see, e.g., MZUSP 60836 for A. bahianus, MZUSP 60500 for A. chirurgus, 
and MZUSP 60521 for A. coeruleus, at Museu de Zoologia da Universidade de São 
Paulo, São Paulo, Brazil. A total of 14 individuals of A. coeruleus (188–370 mm ± 13.27 
of total length, TL; total weight: 137–1,150 g ± 70.90) and 16 individuals of both A. 
bahianus (115–245 mm ± 9.82 TL; total weight: 31–295 g ± 17.61) and A. chirurgus 
(133–280 mm ± 9.93 TL; total weight: 53–550 g ± 35.50) were collected. All specimens 
were weighted to the nearest 0.1 g, measured with a digital caliper to the nearest 0.1 
mm, and then fixed in 10% formalin within 1 h of capture to preserve the digestive tube 
and gut contents.

Osteology and ecomorphology. We compared the natural size and shape of 
the heads and mouths (see Keast, Webb, 1966; Belwood, Choat, 1990; Winemiller, 
1991; Motta et al., 1995) of the three Acanthurus species considering linear distances 
of ecomorphological dimensions (see Tab. S1; following Gatz, 1979, and, where 
applicable, Gibran, 2007, 2010). The ecomorphological measures considered included 
head length (HL), head height (HH), head width (HW), head width on the eyes line 
(HWE), mouth width (MW), mouth height (MH), and digestive tube length (DTL), 
expressed in millimeters, which were chosen based on their functional interpretations 
– mouth dimensions use to be related to bite size and the amount of food; head 
dimensions, together with mouth dimensions, jaw bones and articulations, are related 
to feeding kinematics; head dimensions, as the relation of length and height, may be 
related to space utilization during biting, as more elongated and laterally compressed 
heads, associated with body shape, function as a control surface when biting, for fishes 
that feeding biting the substrate; and DTL is expected to be related to diet composition 
and trophic ecology (see Keast, Webb, 1966; Gatz, 1979; Mihalitsis, Wainwright, 2024; 
Mihalitsis et al., 2025; Perevolotsky et al., 2025).

For osteological analysis, premaxilla, maxilla, dentary, and articular weight were 
considered. All jaw bones evaluated were extracted from freshly collected specimens 
via boiling and dissection (cf. Belwood, Choat, 1990). The osteological analyses were 
based on the weights of jaw bones and related articulations following Purcell, Bellwood 
(1993), and Lellys et al. (2019); for this analysis, four adult specimens for both A. bahianus 
and A. chirurgus and three adult specimens for A. coeruleus were used. The comparative 
analysis also considered a visual description of the dentition, jaw bones, and of the 
general digestive tube morphology. 

To assess morphological similarities among species, rectangular data matrices with 
values of morphometric attributes and weight of the jaw bones were first adjusted to 
body size and weight by removing allometric effects (cf. Lleonart et al., 2000; Marroig, 
2007) according to the following function:

Yi* = Yi  [ Xo/Xi ]b

https://www.ni.bio.br/
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Where Yi* is the predicted value of Y for individual i after correcting for the 
underlying scaling relationship between Y and X; Xi and Yi are the observed values of 
X and Y for individual i; b is the slope from the ordinary least squares regression on log-
transformed Y and X variables; and X0 and arbitrary X values are the means for the study 
population (see Lleonart et al., 2000; Peig, Green, 2009; Lellys et al., 2019).

To properly test for differences across species, we normalized the adjusted data to 
Z scores (Gauch, 1982; Ludwig, Reynolds, 1988; Quinn, Keough, 2002; Legendre, 
Legendre, 2012; Lellys et al., 2019). The use of normalized and standardized data allows 
for the interpretation of data as shape-related rather than size-related, reducing the 
chance of bias due to body size (Lleonart et al., 2000; Lellys et al., 2019). 

Diet and feeding morphology. We analyzed the stomach contents of all collected 
specimens. We removed the digestive tubes, individualized each stomach, and separated 
the food items into three main categories under a stereomicroscope: algae, fauna, and 
sediment, including both detritus and inorganic sediment. Organic (detritus) and 
inorganic sediment were then separately quantified by the difference in weight before 
and after burning sedimentary material in a muffle furnace at 500°C for 5 h, to acquire 
the dry weight of inorganic sediment. As the three studied species are nominally 
herbivorous and details on algae composition are known for the three species in the same 
studied region (see Ferreira, Gonçalves, 2006), we focused here on a comprehensive 
detailed description of the fauna ingested. We calculated the percent composition (cf. 
Hynes, 1950) of food groups from the total weight of each category and the frequency 
of occurrence of the faunal food items (cf. Bowen, 1992), representing the number 
of fish in which each food item occurs, listed as a percentage. It is important to note 
that, since no observations of ingestion were included in this study, it is not possible 
to determine whether fragments found in the stomach contents were the results of 
direct ingestion or incidental consumption of detrital material from the substrate. In this 
context, all animal parts identified in the stomach contents were categorized as “fauna”, 
while only the organic sediment was classified as detritus.

Statistical analysis. All data was tested for normality and homoscedasticity using 
the Shapiro-Wilk and Levene tests; two (fauna and inorganic sediment) out of 30 
variable combinations did not follow a normal distribution. Therefore, data were 
either log-transformed or standardized to Z-scores before analysis. Morphological 
differentiation among species was initially assessed using linear discriminant analysis 
(LDA) (see Gauch, 1982; Ludwig, Reynolds, 1988; Quinn, Keough, 2002; Legendre, 
Legendre, 2012; Lellys et al., 2019). LD1–LD2 scores from model predictions were 
plotted with species-specific convex hulls, and the percentage of variance explained by 
each discriminant axis was calculated from the model eigenvalues. To test whether there 
are significant differences in morphology among species we used a PERMANOVA 
from a distance matrix using Euclidean distance. To verify which variables contributed 
to the morphological differences observed between each pair of species we performed a 
similarity percentage test (SIMPER). Differences in osteological comparisons (weight of 
the jaw bones) were visualized using a principal component analysis (PCA) and tested 
using a PERMANOVA. Additionally, one-way ANOVA was applied to each bone 
variable, followed by Tukey’s post hoc test when p < 0.05. To verify which variables 
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contributed to the osteological differences observed between each pair of species, 
we also performed SIMPER. Each morphometric variable and each category of food 
items was also analyzed separately using one-way ANOVA, to test differences among 
species, followed by Tukey’s post hoc test when p < 0.05. For each PERMANOVA, the 
PERMDISP test was applied to ensure no differences in dispersion among groups. To 
explore the correspondence between fish species morphology, and diet composition, 
we performed a canonical correspondence analysis (CCA), and the significance of the 
correspondence was tested using Monte Carlo procedure (Legendre, Legendre, 2012). 
All analyses were conducted using the R software (R Development Core Team 2019, v. 
3.5.3: multivariate analyses, including PERMANOVA and CCA were conducted using 
the “vegan” package; additional multivariate procedures were carried out with functions 
from the “ade4” package; when appropriate, LDA and generalized linear models were 
implemented with tools from the “MASS” package; model assumptions and diagnostics, 
including tests for homogeneity of variances, were assessed using functions from the 
“car” package).

RESULTS

Osteology. The morphological analysis of the three Acanthurus species revealed distinct 
traits that may influence their feeding ecology. In all evaluated species, the mouth closes 
with the premaxilla positioned in front of the dentary. The premaxilla of A. coeruleus 
has a longer ascending process, which is shorter and more rounded in A. bahianus and 
more pointed in A. chirurgus and A. coeruleus (Fig. 2). The alveolar process is rounded 
in A. bahianus and A. chirurgus and more flattened in A. coeruleus. Acanthurus coeruleus 
also presents a projection at the premaxilla, which is lacking from the other species. 
Compared with those of A. bahianus and A. chirurgus, the maxilla of A. coeruleus has 
an elongated premaxillary condyle (shorter in the other species) and a more flattened 
cranial condyle. For A. bahianus and A. chirurgus, the maxillary arm is more curved, 
while in A. coeruleus, the jaw insertion fossa is more evident. Dentaries of the three 
species exhibit similar sizes compared to their respective premaxilla, and A. coeruleus 
stands out for having a longer and wider ventral process with a larger lateral flange. 
The articular of A. coeruleus has a longer ascending process (shorter and more triangular 
in A. bahianus and A. chirurgus), a wider articulatory fossa, and a larger and less sharp 
descending process. The teeth of the three species are similar, elongated and spatulated, 
with multi-denticles on their margins (an average of ~9–10 denticles, depending on 
wear) (Fig. 2).

Ecomorphology. Results on ecomorphological features suggest that three species 
represent two ecomorphological groups. Acanthurus coeruleus differed from the other 
two species mainly because it had the highest head (head height is defined as the head 
depth measured vertically through the center of the eyes, see Gatz, 1979; Lellys et al., 
2019) on LD1 (pseudo-F2,43 = 4.16; p = 0.01) and the longest digestive tube, while A. 
chirurgus differed from A. bahianus on LD2, with A. chirurgus having the longest and 
widest head and the highest mouth (mouth height is defined as the interior dorsal-
ventral dimension of the mouth, fully opened, i.e., mouth gape, see Gatz, 1979; Lellys et 
al., 2019) (Fig. 3; Tabs. S2, S3).

https://www.ni.bio.br/
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FIGURE 2 | Lateral view of the jaw bones and frontal view of the teeth of Acanthurus bahianus, A. chirurgus, and A. coeruleus. Legends: asc.p: 

ascending process, alv.p: alveolar process, cra.c: cranial condyle, pm.c: premaxillary condyle, max.a: maxillary arm, ins.f: jaw insertion fossa, 

lat.f: lateral flange, ven.p: ventral process, art.f: articular fossa of the jaw, des.p: descending process. Scale bars = 4.0 mm for jaw bones and 

1.0 mm for tooth.

FIGURE 3 | Linear discriminant analysis (LDA) considering seven morphological attributes of the three 

surgeonfish species of the Abrolhos reefs, Brazil.
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The discriminant function had a prediction capacity of 80.43%. The variables 
mouth height and width, head height, and digestive tube length contributed most to 
the morphological differences among the three species of the studied Acanthurus (Fig. 
3; Tabs. S2, S3). The digestive tubes of the three species are similar, with the main 
difference being in the stomach. Acanthurus bahianus and A. chirurgus present stomachs 
with thick and brawny walls associated with a gizzard-like region. In contrast, A. 
coeruleus has no gizzard (Fig. S4). There was no significant difference in the total length 
of the digestive tubes among species (F2,43 = 0.504; p = 0.608; Fig. 7). Regarding the jaw 
bones, the weights of the dentary and premaxilla contributed to the differences among 
the three species (p < 0.05; see Fig. 4; Tab. S5 for statistical tests).

The first two axes of the PCA accounted for 92% of the cumulative variation 
when using the four osteological attributes (bone weights) (Fig. 5), distinguishing A. 
coeruleus from the other two species mainly because of a heavier premaxilla and dentary 
(Pseudo-F28 = 15.02; p = 0.03; Fig. 5; see Tabs. S6, S7).

FIGURE 4 | Mean ± SE of the weights (g) of the jaw bones of Acanthurus bahianus (ABAH, n = 4), A. chirurgus 

(ACHI, n = 4), and A. coeruleus (ACOE, n = 3). Letters above the error bars represent homogeneous groups 

at p < 0.5, as defined by Tukey’s test.
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Diet and feeding morphology. Acanthurus bahianus and A. chirurgus ingested mainly 
sediment with organic components (detritus), while A. coeruleus ingested mainly algae; 
and all three species ingested approximately 15–25% of invertebrates (Fig. 6). Among 
the fauna, sponges were the most frequent (94%) in the A. chirurgus and A. bahianus 
stomachs, while salps (Salpidae) were the most frequent (64%) in the A. coeruleus 
stomachs (Tab. 1). In addition to sponges, A. bahianus ingested more frequently on 
crustaceans and gastropods, and A. chirurgus ingested more frequently on gastropods, 
polychaeta worms, crustaceans and salps. In addition to salps, A. coeruleus ingested 
more frequently on crustaceans and sponges and exhibited less diverse faunal ingestion. 
Parasitic nematodes were frequent in the stomachs of all species (63–86%) (Tab. 1).

In the analysis of morphometric attributes and food items, the head height, head 
length, head width on the eyes line, mouth height, proportion of algae and proportion 
of inorganic and organic (detritus) sediments contributed to the differences among the 
species (p < 0.05; Fig. 7; see Tab. S8).

The first two CCA axes explained 27.9% of the variation in the diets considering 
feeding morphology (Fig. 8). Permutation tests confirmed that the CCA was significant 
(global test: p = 0.001). The first three canonical axes explained most of the constrained 
variation and were all significant (CC1: p = 0.001; CC2: p = 0.001; CC3: p = 0.001), 
indicating that more than two axes contribute to the relationship between diet 

FIGURE 5 | Distribution of individuals of the three surgeonfish species studied based on scores from the 

first two principal component analysis (PCA) axes for osteological attributes (weight of the jaw bones). 

ART = articular; MAX = maxilla; PMAX = premaxilla; DEN = dentary.
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FIGURE 6 | Diet composition (%) of Acanthurus species whose stomach contents were grouped into 

three food categories (organic sediment with detritus, invertebrates/fauna, and algae), also showing the 

proportion of inorganic sediment. Acanthurus bahianus (ACABAH, n = 16), A. chirurgus (ACACHI, n = 16), 

and A. coeruleus (ACACOE, n = 14).

 
A. bahianus 

(n = 16)
A. chirurgus 

(n = 16)
A. coeruleus 

(n = 14)

Amphipoda 19 31 43

Bryozoa 6 19 -

Copepoda 6 19 14

Cumacea 19 13 7

Gastropoda 50 75 7

Hydrozoa 13 - 7

Isopoda - 13 7

Nematoda* 75 63 86

Ostracoda 31 44 -

Phyllocarida - 6 14

Polychaeta 25 69 -

Porifera 94 94 44

Salpidae 19 56 64

Tanaidacea 50 63 21

TABLE 1 | Frequency of occurrence (%) of faunal items in the stomachs (alphabetical order) of Acanthurus 

species (“-” indicates absence). *Parasite worms.
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composition and morphology. Marginal tests showed that all diet components (algae, 
fauna, detritus, and sediment) significantly influenced the ordination (p = 0.001 for all 
variables), while morphological traits displayed weaker effects, with only head length 
showing marginal significance (p = 0.089). Therefore, although visual patterns in the 
first two axes suggest associations between diet categories and certain morphological 
dimensions, these relationships should be interpreted cautiously because additional axes 
contribute significantly to the explained variation. There was a relationship between 
morphology and diet (pseudo-F = 2.301; p = 0.04) for the three species. The amount 

FIGURE 7 | Tests for each variable of morphometric measurements (mm) and for each category of food 

items (measured in mg and expressed as proportion,) of Acanthurus bahianus (ABAH, n = 16), A. chirurgus 

(ACHI, n = 16), and A. coeruleus (ACOE, n = 14). Letters above the error bars represent homogeneous 

groups at p < 0.05, as defined by Tukey’s test.
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of fauna in the stomach contents was positively related to the digestive tube length, 
head width and mouth height (Fig. 8), and we also found a high correlation between 
algae intake and digestive tube length (r = 0.991) for the three species. The proportion 
of organic detritus showed a weak association with all morphological variables, being 
close to the center of the CCA. In contrast, inorganic sediment was positively related 
to head width, head width at the eye line, and mouth height. Lastly, the proportion of 
algae was positively related to head height, but negatively related to head width and 
head length (Fig. 8). Acanthurus coeruleus had the highest proportion of algae and the 
lowest proportion of inorganic and organic sediments (detritus), in contrast to the other 
two species, which had higher proportions of organic sediment and fauna (Fig. 6).

FIGURE 8 | Canonical correspondence analysis showing the relationship between the morphology and 

diet composition (proportions of food items) of the three Acanthurus species in the Abrolhos Reefs, Brazil. 

DTL: digestive tube length, MH: mouth height, HWE: head width on the eye line, HW: head width, HL: 

head length, MW: mouth width, HH: head height. “Detritus” refers to organic sediment and “Sediment” 

to the inorganic sediment portion of the diet contents. 
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DISCUSSION

Functional analyses have revealed a strong relationship between morphology and feeding 
behavior in herbivorous reef fishes, highlighting clear links between feeding mode and 
head morphology (e.g., Bellwood et al., 2014a; Mihalitsis, Wainwright, 2024; Mihalitsis 
et al., 2025; Perevolotsky et al., 2025). Our study provides the first ecomorphological 
comparison of feeding and diet among three surgeonfish species co-occurring in the 
Abrolhos reefs. Based on morphology and diet, the three species were categorized into 
two ecomorphological groups that reflect their phylogenetic relationships and have a 
differentiated contribution to the percentage of food item categories. The A. coeruleus 
morphotype primarily differs in head height and the length of digestive tubes, while A. 
chirurgus and A. bahianus, despite significant overlap, show differences in head length, 
width, and mouth height. As expected, there were greater similarities in morphology 
and diet between the two detrital feeders, A. chirurgus and A. bahianus. In contrast, A. 
coeruleus, displayed characteristics of a cropper (see Tebbett et al., 2022), an herbivorous 
fish that feeds on filamentous algae, with a higher, shorter, and rounded head, and 
heavier premaxilla and dentary providing a greater potential for bite strength for turf 
removal, as observed by Barel (1983, apud Purcell, Bellwood, 1993) for A. nigrofuscus, a 
species with a diet more similar to A. coeruleus.

The shorter relative head length and higher head in A. coeruleus seem to limit biting 
over the reef, in contrast to A. chirurgus and A. bahianus, which have more elongated 
heads (and more elongated bodies and snouts) and wider mouths that allow them to 
bite, suck, and explore different types of surfaces inside and outside the reef, such as flat 
sand bottoms covered with biofilm adjacent to the reef (FZG, 2016, pers. obs., but see 
also Francini-Filho et al., 2010; Brandl et al., 2015; Tebbett et al., 2022), high-energy 
locations, and also complex surfaces and reef crevices (see Bellwood et al., 2014a), a 
more elongated and laterally compressed head, associated with body shape, function as 
a control surface when biting, for fishes that feeding biting the substrate (Perevolotsky 
et al., 2025). Acanthurus coeruleus has a more circular body and reaches a larger size (up 
to 39 cm TL; cf. Lessa, Nóbrega, 2000) than the other species. Such differences can be 
related to the phylogenetic history of these species, since A. bahianus has the Caribbean 
A. tractus Poey, 1860, as a sister taxon, forming a clade with A. chirurgus (Bernal, Rocha, 
2011; Friedman et al., 2016; Fernandes et al., 2021), while sister taxon of A. coeruleus 
is the Indo-Pacific A. guttatus Forster, 1801 (see Sorenson et al., 2013). The radiation 
of A. coeruleus occurred in the early Miocene, ~21 million years ago, 11 million years 
earlier than that of A. chirurgus and A. bahianus (Sorenson et al., 2013; Tebbett et al., 
2022). On modern coral reef fishes, the ability to access exposed reef flats, which had 
high abundance of EAM, likely gave rise to the detritus-feeding specialists (Bellwood 
et al., 2014a,b). In this sense, Acanthurus chirurgus and A. bahianus diverged from the 
ancestral body shape pattern and function after the rise of the genus Acanthurus within 
the rise of the clade of sediment suckers with a gizzard-like stomach (Sorenson et al., 
2013; Tebbett et al., 2022). Additionally, understanding tooth structure is fundamental 
for interpreting dietary preferences and feeding mechanisms (Bellwood et al., 2014b). 
The morphology of the elongated and spatulated teeth with multi-denticles of the 
three studied species is a common and conservative feature within the genus Acanthurus 
(Tyler, 1970; Fishelson, Delarea, 2013). 
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Variation in feeding morphology among the studied surgeonfishes explained 31% 
of the variation in diet among the species. Morphological and osteological differences 
may also explain the differences in the functions that they exert in natural reef systems, 
despite their generally conservative morphology (e.g., Brandl et al., 2015; Tebbett et al., 
2022). The most frequent and abundant category in the diet of A. coeruleus was algae, 
accounting for approximately 40% of its diet composition, at least three times more than 
in the other two species. Although the predominance of algae as the main food item 
of A. coeruleus was reported for the same reef bank 20 years ago (Ferreira, Gonçalves, 
2006), we found only half of the values reported by Ferreira, Gonçalves (2006). Despite 
that, ecomorphological attributes suggest that A. coeruleus may play important roles 
in the removal of EAM and algae (Siqueira et al., 2019a). The heavier premaxilla and 
dentary in A. coeruleus are possibly a feature that descends from more ancient lineages of 
the Eocene, with relatively robust jawed morphologies, as this clade belongs to an older 
lineage than A. chirurgus and A. bahianus (Siqueira et al., 2019b), without a gizzard, but 
with a change that may reflect a shift from browsing on macroalgae to cropping short 
algal turfs in more open EAM-dominated areas, as seen in many extant surgeonfishes 
(Bellwood et al., 2014a). Its role is further supported by its thin-walled acidic stomach 
and the capacity for fermentative digestion (Purcell, Bellwood, 1993; Choat et al., 2004; 
Tebbett et al., 2017), key features separating these fishes from other surgeonfishes that 
also graze over an open substrate, namely the brushers and sediment suckers (Tebbett 
et al., 2022). However, detailed experimental studies are still needed to corroborate this 
inference. 

Regarding gut morphology, gut length is strongly associated with feeding habits 
and overall digestive physiology (Jones, 1968). When there is a greater intake of algae 
matter, the gut is generally more elongated, and the stomach more acidic with thinner 
walls, as these traits facilitate the breakdown and fermentation of fibrous algal material, 
which requires longer retention times for effective nutrient extraction (Jones, 1968; 
Elliott, Belwood, 2003). 

Nonetheless, A. coeruleus had the highest intake of algae, with a relatively, but not 
significantly, longer gut. It is possible that the higher acidity in thin-walled stomachs, 
together with intestinal symbionts, may contribute to the digestion of algae (Lobel, 1981; 
Horn, 1989; Choat et al., 2004; Miyake et al., 2015, 2016; Scott et al., 2020). In addition, 
intestinal traits seem to be highly conserved across reef herbivorous fishes (Duque-
Correa et al., 2024), and in functional studies, intestinal surface area may better reflect 
ecological differences than intestinal length (Ghilardi et al., 2021). Acanthurus coeruleus 
has larger pyloric caeca, and adaptations to increase gut surface area in fishes, such as long 
intestines and the development of caeca, are alternative features to achieve similar masses 
of absorptive tissue (Buddington, Diamond, 1986). Alternatively, A. bahianus and A. 
chirurgus, as well as all Acanthurus species within the same subclade, have a differentiated 
gizzard-like region in their stomach that is used for the mechanical trituration of 
detritus (Choat et al., 2004). This feature is associated with the emergence of sediment 
suckers in the Indo-Pacific, which contributes to changes in the trophodynamics of 
coral reefs, as it allows the exploration of both soft and mixed substrates (Bellwood et 
al., 2017; Tebbett et al., 2022). The feeding behavior of sediment-sucking surgeonfishes 
in the Atlantic is also unique and includes the exploitation of EAM on hard substrates 
(Robertson, 1991; Francini-Filho et al., 2010; Duran et al., 2019). 
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In contrast to previous studies on the Acanthurus diet in Abrolhos (Ferreira, Gonçalves, 
2006), we found that for both A. bahianus and A. chirurgus, algae are the least abundant 
item in the diet, apart from inorganic sediment ingestion. Both species had a greater 
contribution of fauna (~22% and 15%, respectively) and organic sediment (detritus), 
accounting for 58% for both species as the main food category. A high proportion of 
detritus in the diet of both species agrees with previous studies (e.g., Dias et al., 2001; 
Ferreira, Gonçalves, 2006; Mendes et al., 2018). The differences observed compared to 
previous studies conducted at the same reef bank two decades ago may be attributed to 
the study site, as Ferreira, Gonçalves (2006) analyzed the diet in mid-reef areas, while 
in this study, data include both outer areas as more coastal reefs. Nonetheless, detritus 
– a heterogeneous complex composed of dead organic matter, protein-rich, derived 
from living sources, inorganic matter, and microorganisms associated with meiofauna 
and biofilm (Wilson, 2002; Wilson et al., 2003), has nutritional value that may even 
surpass that of “turf” algae (Choat et al., 2002; Crossman et al., 2001, 2005; Purcell, 
Bellwood, 2001; Wilson, 2002). Indeed, Mendes et al. (2018) suggested that detritus is 
the main source of nitrogen for A. chirurgus. Likewise, other authors corroborate that 
micro-photoautotroph organisms, such as diatoms and cyanobacteria, are important 
components of detritus for herbivorous fishes, including Acanthurus species (Cissell et 
al., 2019; Cardozo-Ferreira et al., 2023).

We also found greater amounts of fauna than the study of Ferreira, Gonçalves (2006) 
(~13 times greater for A. bahianus and A. coeruleus, and ~7.5 times for A. chirurgus). 
Most of the fauna, however, are clearly epifauna associated within algae, EAM, and the 
substrate. Exceptionally, the presence of salps in more than half of our samples, with 
nine of the 14 individuals of A. coeruleus analyzed and 16 of A. chirurgus, with some 
of them containing more than 50 individuals of salp in a single Acanthurus stomach, 
indicates that this is not a case of accidental ingestion but rather an opportunistic 
feeding strategy (i.e., “trophic adaptability” or the ability of fish to take advantage of 
the most abundant food items in the environment at a given time; cf. Gerking, 1994). 
This suggests that the proportions of food categories in the diets of Acanthurus can 
be strongly related to the local context of food availability and, thus, to reef temporal 
dynamics. Furthermore, some Acanthurus might exhibit morphological characteristics 
of generalists, enabling them to explore many alternative resources (Motta et al., 1995; 
Brandl et al., 2015; Tebbett et al., 2022). Accordingly, studies performed with algivorous 
surgeonfishes around the world have shown that zooplankton are ingested at a relatively 
high macroscopic planktonic density (Fishelson, Delaria, 2013). 

Another frequent food item here was sponge fragments. During foraging, A. bahianus 
and A. chirurgus bite EAM and other reef coverages composed of many organisms or their 
fragments, which can influence the ingestion of detritus and sponges (FZG, 2016, pers. 
obs.). The presence of sponge spicules, but not tissue, might suggest incidental ingestion 
while targeting epilithic photoautotrophic microorganisms (Clements et al., 2016). 
However, sponges can host or harbor high densities of cyanobacteria and zooxanthellae 
(Easson, Thacker, 2014), nutrient-rich resources that are known to be targeted by 
other herbivorous fish species (Clements et al., 2016; Nicholson, Clements, 2020). 
There are no reports of intentional ingestion of sponges by the studied Acanthuridae, 
but sponge predation is mostly neglected due to poor resolution in dietary analyses 
(Oricchio et al., 2016). Ingestion of crustaceans and mollusks may accompany algae 
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and EAM, and they may have important nutritional value for the studied Acanthurus 
species. Phytal fauna, including hydrozoans, bryozoans, foraminifera, and many types of 
microcrustaceans, are common in several analyzed contents of surgeonfishes around the 
world (Fishelson, Delaria, 2013). However, the nutritional value of all these items for 
surgeonfishes is largely unknown, which may lead to underestimations of the level of 
resource partitioning and trophic innovation on coral reefs (see Clements et al., 2016).

Although we have contributed to a better understanding of the feeding morphology 
and diet of surgeonfishes in Abrolhos, further studies are needed to understand their 
nutritional ecology, especially in reefs with high natural sedimentation rates and 
SW Atlantic subtropical reefs, in contrast to the Indo-Pacific reefs (Tebbett et al., 
2022). Unlike those of specialized herbivorous terrestrial mammals, the nutritional, 
physiological, metabolic, and gut microbiota of herbivorous fishes are still poorly 
studied (Choat, Clements, 1998; Clements et al., 2009, 2016; but see Thompson et al., 
2024). Therefore, little is known about how much of the nutrients of algal origin are 
truly used and assimilated in nominally herbivorous fishes, as little is known about the 
composition and nutritional value of detritus, and even fauna, for Acanthurus species 
(see Mendes et al., 2018; Delgado-Pech et al., 2020).

Coral reefs worldwide are at the forefront of environmental changes (Barlow et al., 
2018), and the configurations of these ecosystems will continue to change as coral cover 
decreases due to human actions (Bellwood et al., 2019a; Vercelloni et al., 2020). For 
example, it is estimated that 50% of the reefs around the world have a greater inflow of 
terrestrial sediment (Burke et al., 2011). This new context is important for understanding 
reef dynamics and determining which functional ecological roles will be critical in the 
future (Bellwood et al., 2019b; Tebbett et al., 2022). Therefore, understanding the 
role of surgeonfishes will also depend on the future of the Anthropocene reef context 
(Marshell, Mumb, 2015; Bellwood et al., 2019b; Tebbett et al., 2022). Thus, decisions 
regarding the conservation of Anthropocene reefs will require better knowledge of the 
nutritional ecology of all nominally herbivorous fishes, especially in the SW Atlantic, 
where the reefs are distinct from those of the Indo-Pacific and Caribbean in terms of 
structure, biodiversity, and environmental conditions (Mendes et al., 2018; Lellys et al., 
2019; Tebbett et al., 2022).
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