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Abstract

Each dietary analysis method has its own strengths and limitations and provides different perspectives for understanding the
trophic biology of aquatic organisms. In this study, we used an integrative, multi-tool approach to comprehensively investigate
the dietary differences of eight nominally herbivorous fishes from five feeding guilds in the Nansha Islands (N: 8°51'10°57',
E: 112°50'115°35") of the South China Sea. The methods used in this study included 18S rDNA metabarcoding, standard
gut content analysis, and stable isotope analysis. DNA metabarcoding revealed diverse algae categories (Ochrophyta, Rho-
dophyta, and Chlorophyta) in the gut contents of sampled fishes with high taxonomic resolution, and some microscopic and
cryptic taxa, such as dinoflagellates and microinvertebrates, were precisely identified. The overlap of 95% prediction isotopic
niche remained below 30% between different feeding guilds, and nearly 70% of the 107 genera detected in the gut contents
were not shared by two or more fish species or feeding guilds. By combining stable isotope analysis and morphological iden-
tification with gut content metabarcoding, we found that the dietary overlap detected by metabarcodng between Ctenochaetus
striatus and other fishes may be due to interference from debris of algae or other organisms. While each method has its own
limitations in dietary analysis, our study suggests that an integrative, multi-tool approach can remedy the limitations of one
method by utilizing the strengths of another. Our results indicate that a wide spectrum of resources on coral reefs could be
utilized by different fish species in a complementary manner.

Keywords Dietary analysis - Herbivorous fishes - High-throughput sequencing - Trophic interaction - Algal turfs - Dietary
niche

Introduction

In recent decades, the significant development of various
novel and traditional dietary analysis methods has greatly
enhanced our understanding of the diets and trophic roles of
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Robertson and Gaines 1986; Montgomery et al. 1989;
Choat et al. 2002; Rasher et al. 2013; Kelly et al. 2016).
Both morphological identification of gut contents and in situ
observations can provide precise taxonomic identities for
dietary items. However, these methods can only provide a
dietary snapshot, which represents feeding events that occur
over limited time scales. Additionally, some particular food
materials (e.g., liquid, gelatinous, or cryptic species) may be
ignored or identified at a coarse taxonomic level (Leray et al.
2015), limiting the accuracy of the analysis. Despite these
drawbacks, visual methods (morphological identification of
gut contents and in situ observations) are still necessary and
are applied in most dietary analysis studies. Stable isotope
analysis is useful for determining diet composition and niche
width over long timescales (Jackson et al. 2011). However,
the use of stable isotope analysis should be based on knowl-
edge of the primary producers (Pethybridge et al. 2018) and
is also limited in its capacity to provide high-resolution taxo-
nomic information. High-throughput sequencing (HTS) can
yield high-resolution data on the taxonomic identity of the
organisms in stomach, gut, faecal, or scat material (Leray
et al. 2019; Brandl et al. 2020; Lin et al. 2021), which is
paricularly useful for detecting rare, soft, or highly degraded
items. However, it should be noted that the resolution of
molecular approaches is dependent on accurate identification
and appropriate reference collections (Pompanon et al. 2012;
Nielsen et al. 2018). Furthermore, it is important to con-
sider that the quantitative data generated through HTS can
be affected by various factors (Pompanon et al. 2012; Leal
and Ferrier-Pages 2016), and occurrence-based data have
certain limitations, such as interference from environmental
DNA and secondary predation (Deagle et al. 2013, 2019).
Herbivorous fishes are an important group in coral reefs,
playing critical roles in herbivory and trophic dynamics
within coral reef ecosystem (Pratchett et al. 2011; Adam
et al. 2015; Kelly et al. 2016). Nominally herbivorous reef
fishes are commonly classified into several groups based on
their diets and foraging strategies (Choat et al. 2002; Cross-
man et al. 2005; Pratchett et al. 2011), including detritivore
brushers (DB), scrapers/small excavators (SC), turf algae
croppers (TC), macroalgal browsers (MB), and territorial
farmers (TF). The diverse foraging patterns of herbivorous
fishes may result in the ingestion of various types of algae
or other components from coral reefs (Crossman et al. 2005;
Rasher et al. 2013; Tebbett et al. 2017a). However, in some
particular species or groups (such as detritivore brushers
and scrapers/small excavators), the highly degraded and
unidentified food items in their gut contents can result in a
coarse taxonomic resolution of their diets. This may lead to
an underestimation of their differences in resource use and
ecological function. For instance, it was previously thought
that scrapers/small excavators, detritivore brushers, and turf
algal croppers all feed on the 'EAM' (Tebbett and Bellwood
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2019). The 'epilithic algal matrix' is defined as an abundant
algal matrix consisting of short turf algae (<2 mm), detritus,
sediments, microbes (including cyanobacteria), microalgae,
and invertebrates (Wilson and Bellwood 1997; Wilson et al.
2003; Cheal et al. 2010; Tebbett and Bellwood 2019). The
debate on the ability of croppers (Acanthurus) and detriti-
vore brushers (Ctenochaetus) to remove the EAM has been
ongoing for decades (Marshell and Mumby 2012; Tebbett
et al. 2017a). However, recent studies have shown that Acan-
thurus only crop the upper portions of the turf algae, while
Ctenochaetus brush detritus and microalgae from the sub-
strate, leaving the algae untouched (Tebbett et al. 2017a;
Tebbett and Bellwood 2019). Scrapers/small excavators are
generally believed to remove the entire EAM (Tebbett and
Bellwood 2019). Clements et al. (2017), using various lines
of evidence such as feeding observations, trophic anatomy,
and biochemical analyses, tissue composition, and diges-
tive processes, have identified scrapers/small excavators as
microphages. It is possible that they ingest cyanobacteria
and other microbes from the substrata instead of the entire
EAM (Nicholson and Clements 2020). Therefore, using
multiple methods to analyse the dietary differences of these
nominally herbivorous fishes will be helpful in clarifying
their differences in resource use and ecological function.
In this study, we used multi methods to analyse the
diets of several common herbivorous fishes in the Nansha
Islands of South China Sea (SCS). Eight common species
from the five feeding guilds were selected for dietary analy-
sis (Table 1). These species/feeding guilds were frequently
observed feeding in the same area in SCS (Fig. 1) and were
previously believed to rely on similar resources, such as
EAM, as a food source (Wilson et al. 2003; Ng et al. 2021).
Ctenochaetus striatus and surgeonfishes (Acanthurus japoni-
cus, A. triostegus, and A. nigrofuscus) are the dominant spe-
cies in the DB and TC, respectively. Parrotfishes (Scarus
globiceps and S. schlegeli) in SC are selected to verify their
possible overlapping on resource use with other fishes, when
removing the entire ‘EAM’ (Tebbett and Bellwood 2019).
Surgeonfish (Zebrasoma velifer, a concealed cropper) and
damselfish (Plectroglyphidodon fasciolatus, a territorial
farmer) were also sampled for dietary analysis to determine
their potential dietary resources from EAM (Tebbett et al.
2022). The diets of eight fish species were evaluated using
a combination of identification through gut content 18S
rDNA metabarcoding, morphological analyses, and 8'3C/
81N stable isotope analysis. Although certain prokaryotes,
such as cyanobacteria, serve as significant food sources for
parrotfishes (Clements et al. 2017; Nicholson and Clements
2020), our gut content metabarcoding analysis only exam-
ined eukaryotic organisms ingested by herbivorous fishes.
This decision was made to avoid potential interference from
abundant non-target prokaryotes in both the fish gut and
environment. We expected that an integrative approach to
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Table 1 Sampling information of nominally herbivorous fishes in survey area

Fish species Feeding guild Sampling size for dietary analysis ~ Body weight (g) Body length (cm)
Gut content Stable isotope ~ Mean SD Mean SD
identification analysis

Scarus globiceps Scraper 12 58.20 24.66 11.79 1.70

S. schlegeli Scraper 3 5 64.90 24.21 12.07 1.68

Ctenochaetus striatus Detritivore brusher 39 13 66.04 24.02 11.09 1.21

Acanthurus japonicus Turf algal cropper 36 16 52.92 21.51 9.80 1.34

A. triostegus Turf algal cropper 3 5 46.36 9.84 9.67 0.65

A. nigrofuscus Turf algal cropper 3 - 19.61 2.05 6.97 0.45

Zebrasoma velifer Concealed cropper 3 5 151.61 30.06 16.90 0.96

Plectroglyphidodon fasciolatus Territorial farmer 12 10 16.33 5.28 6.85 0.92

Fig.1 Scrapers/small excava-
tors (orange arrow), detritivore
brusher (Ctenochaetus striatus,
blue arrow), and turf algae
croppers (Acanthurus japonicas
and A. nigrofuscus, light green
arrow) feeding in the same area
at Nansha Islands, SCS. Photo-
graph X. Lin

evaluating the dietary partitioning of these nominally her-
bivorous fishes would be beneficial, as the limitations of
one method can be addressed by the strengths of another.
Additionally, the presentation of trophic interactions at a fine
taxonomic resolution would allow us to identify the taxa that
contribute to the dietary partitioning of herbivores, thereby
improving our understanding of how ecologically similar
consumers coexist and exert varying effects on coral reefs.
While the current dietary analysis is an important step in
defining niche partitioning in nominally herbivorous fishes,
a more comprehensive analysis is still required. It should
consider incorporating additional fishes and dietary species,
such as cyanobacteria, to further enhance our understanding
of the resource use of herbivores in coral reef ecosystems.

Methods

Sample collection

Herbivorous fishes were sampled from seven reefs in the
Nansha Islands, SCS (Fig. 2a). These reefs were far from
the mainland and at a certain distance (> 20 km) from one
another (Fig. 2b). Fishes were collected from the crests
and outer flats of reefs (Fig. 2¢), which are the primary
grazing areas of herbivorous/detritivorous fishes (Oakley-
Cogan et al. 2020). Fish individuals were caught using
a trammel net (10 m long X 1.5 m high, with maximum
and minimum mesh size of 9.0 and 3.0 cm, respectively),
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Fig.2 Locations of surveyed sites on reefs in Nansha Islands of the
South China Sea. a Geographic location of Nansha Islands. b Posi-
tion of surveyed reefs and their distance from one another. ¢ Map of
survey sites (black filled circles) on each reef. Fish were collected
from the crests or outer flats of each site. The fish species that were

and were removed from the trammel net within an hour of
being trapped. Fishes were euthanized with an overdose
of clove oil after collection and immediately placed on
ice. The weight and body length of common fish species
were measured, and the samples were stored at — 20 °C
after capture. Body size is a crucial factor that contrib-
utes to dietary partitioning of herbivores (Kartzinel et al.
2015). To minimize the effect of body size on the dietary
partitioning of fishes, individuals with similar body size
from different species or feeding guilds were sampled
for dietary analysis. The body mass of sampled individ-
uals from SC, DB, and TF was mainly in the range of
40-60 g, and the body length was approximately 11 cm
(Table 1). Concealed cropper (Z. velifer) was generally
larger than other fishes, whereas territorial farmer (P. fas-
ciolatus) was the smallest. Fish for dietary analysis were
dissected within 2 months of capture. Fish gut contents
were carefully collected and preserved in 75% ethanol at
4 °C. Muscles were collected and preserved at — 20 °C
for 8'3C/8'°N stable isotope analysis, but A. nigrofuscus
samples were not sufficient for stable isotope analysis. Fish
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sampled from these sites were marked with different symbols on cor-
responding maps for easy identification. Number '2' inside the circles
indicates that the fish species in that particular site was sampled twice
for dietary analysis. Maps were prepared using Surfer 16

collection and euthanasia were conducted in accordance
with the guidelines and approval of the Animal Research
and Ethics Committee of the Chinese Academy of Sci-
ences (SCSIO-IACUC-2019-000137).

Gut content identification

Gut contents from three individuals of each species at each
sampling sites were used as triplicates for DNA extrac-
tion and metabarcoding, resulting in 36 samples (a total of
3x36=108 individuals were used for gut content metabar-
coding) (Table 1). Total DNA of the remaining gut contents
was extracted using the FastDNA® Spin Kit for Faeces (MP
Biomedicals, Santa Ana, USA), following the manufactur-
er’s instructions, and eluted in 30 pL of 10 mM Tris—HC1
(pH 8.0). DNA quality was assessed using a Nanodrop®
spectrophotometer (NanoDrop Technologies, Wilmington,
Delaware, USA). To ensure data accuracy and reliability,
negative control extractions were performed to identify
potential contaminants. DNA samples were stored at —20 °C
until further use.
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The DNA extracts were amplified using the uni-
versal TAReuk454FWD1-TAReukREV3 primer pair
(TAReuk454FWD1:5-CCAGCASCYGCGGTAATTCC-3;
TAReukREV3:5-ACTTTCGTTCTTGATYRA-3), which
targets the V4 region (~380 bp) of eukaryotic 18S rDNA
(Stoeck et al. 2010; Lin et al. 2018). PCRs were performed
in triplicate in a 25 pL. mixture containing 2.5 pL of Trans-
Start Buffer, 2 pL of dNTPs, 1 pL of each primer, and 20
ng of template DNA. PCR was performed as described in
a previous study (Lin et al. 2018). Indexed adapters were
added to the ends of the amplicons using limited-cycle PCR.
Finally, the library was purified using magnetic beads. PCRs
of negative control extractions and no-template blanks were
also performed. The concentration was detected using a
microplate reader (Tecan, Infinite 200 Pro), and the fragment
size was detected using 1.5% agarose gel electrophoresis.
PCR product concentrations were validated with a Qubit 3.0
fluorometer. Libraries (10 nM) were multiplexed and loaded
on an Illumina MiSeq, according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA). Sequencing
was performed using an [llumina MiSeq platform (Illumina,
San Diego, CA, USA).

Raw sequencing data were subjected to the Illumina
MiSeq/HiSeq platform pipeline (Bokulich et al. 2013),
including quality filtering, sequence demultiplexing, and
primer removal. Paired-end filtered reads were merged
using Vsearch (1.9.6) and only sequences with lengths > 300
bp were obtained. Effective reads from the raw data were
retained for further analysis. Sequences were clustered into
molecular operational taxonomic units (OTUs) at a 97%
threshold using Vsearch (1.9.6) with default parameters.
Representative OTU sequences were aligned to the NCBI
nucleotide database (https://www.ncbi.nlm.nih.gov/genba
nk, v2022.4.30) using the online BLAST function (Megab-
last v2.11.0) with default parameters, and taxonomic infor-
mation was selected from the top best hit. A genus name
was accepted only if the similarities of the five best hits
were>98%. A family name was retained only if the simi-
larities of all the best hits were >95%. A phylum or sub-
phylum name was retained only if the similarities of all the
best hits were >90%. Sequences with maximum similarities
of <90% were labelled NA (no account) (Lin et al. 2018).
A feature table was obtained after OTU clustering with fre-
quency information. To decrease the number of false posi-
tives, OTUs with a frequency < 10 were removed. Sequences
identified as host (fish) or parasitic species were removed
from all datasets. The filtered data matrix was then standard-
ized by percentages.

The remaining gut content from each sample use for
DNA metabarcoding was identified at a 4 X 10 magnification
using a dissecting microscope with a transect-based method
(Choat et al. 2002). Gut contents were classified into dif-
ferent components based on morphological characteristics,

including turf algae, foliose algae, detritus (unrecognizable
organic matter with irregular shape), microinvertebrates,
and sands. The proportions of different components were
estimated based on their volumes.

Stable isotope analysis

At least five individuals of each fish species were randomly
selected and used for the stable isotope analysis, and a total
of 66 individuals were used for gut content metabarcoding
(Table 1). Fish muscles were freeze-dried for 48 h prior to
homogenization using a mortar and pestle. 8'°C and 6'°N
were measured using an elemental analyser (Flash2000,
Thermo Fisher Scientific, Italy) connected to an isotope ratio
mass spectrometer (Delta V advantage, Thermo Fisher Sci-
entific, Germany). Stable isotope ratio (%o) was calculated
as "°C or 8N =[R 1/ Ryandara — 11X 10°, where 8" is °C
or N and R is the ratio of 3C/'2C or >N/!*N. The standard
deviation in parts per thousand (%o) is relative to the con-
ventional C (Vienna Pee Dee Belemnite) and N (atmospheric
N,) standard reference materials, and ‘R’ represents heavier
to lighter isotopic ratios (*C/'2C or ’N/!*N), indicating 1>C-
and "*N-enriched or -depleted items, respectively. A protein
(casein) standard (Cat. No. B2155; Elemental Microanalysis,
UK) was used as a certified reference material with ana-
lytical precisions of +0.13%o and + 0.08%o for the 8'*C and
815N values, respectively.

Data analyses and visualization

Dietary niche width and overlapping area were calculated
for each species and feeding guild based on both molecular
and stable isotope data. A double-bit map of the §'*C-8'°N
values of fish was constructed. Bivariate ellipses were fitted
to stable isotope data using Bayesian inference with the aim
of describing and comparing isotopic niches. A convex hull
was plotted based on the variations in 8'*C and a 8'°N value
of each fish species and the total polygon area (TA) was
calculated. Bayesian multivariate normal distributions were
fitted to the dataset for each species. The probability distri-
butions of the standard ellipse areas (SEAs) were calculated
(Jackson et al. 2011). TA and SEA were used as metrics
to measure the isotopic niche width of fishes. The overlap
between the corresponding 95% prediction ellipses was cal-
culated using the maximum likelihood estimate to meas-
ure the degree of potential isotopic niche overlap between
each pair of species. These analyses were performed using
‘SIBER’ R package (Jackson et al. 2011) for statistical anal-
yses and the ‘ggplot2’ R package (Wickham 2016).

Both the relative read abundance and occurrence data (a
presence/absence matrix of genera in each sample) gener-
ated from HTS were included for analysis of dietary simi-
larity, and a minimum sequence percentage threshold of
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1% in each sample was defined to determine occurrences
that balanced the data, thereby maximizing the inclusion of
real diet sequences and excluding background noise (sec-
ondary predation, environmental DNA, and other sequenc-
ing deficiencies). The dissimilarity matrix of dietary dif-
ferences of the sampled fishes was constructed using an
abundance-based metric (Morista—Horn) and occurrence-
based metric (Jaccard) with genus-level read data. Non-
metric multi-dimensional scaling (NMDS) ordination was
employed for graphical representation. Because C. stria-
tus are not typical herbivores, they brush microalgae and
detritus off turf algae rather than removing mature turf
algae and macroalgae (Tebbett et al. 2017a), DNA derived
from the debris of turf algae and macroalgae ingested by
C. striatus may influence dietary discrimination against
other fishes. Additional analyses are necessary to reduce
this interference. Therefore, NMDS was conducted again
without C. striatus. All analyses were performed using
the ‘vegan’ package (Oksanen et al. 2020) for statistical
analyses and the ‘ggplot2’ package (Wickham 2016) for
graphical representation in R version 4.2.1 (R Core Team
2022). The dietary network was created within feeding

Fig. 3 Diversity and composi-

(a) Scarus globiceps
tion of gut contents of sampled g i I:

guilds using Cytoscape (3.8.2) based on the average value
of the genus-level read data from gut content sequencing.

Results
Diversity and composition of gut contents

A total of 108 individuals from eight fish species and five
feeding guilds (Table 1) were sampled for gut content meta-
barcoding. After the quality control and filtering process,
1, 450, 316 reads were generated from DNA sequencing
of gut content. Rarefaction curves showed that the gener-
ated reads were sufficient to cover the major gut contents
of fishes (Supplemental S1). Algae were the most abundant
and diverse reads, including Ochrophyta, Dinoflagellata,
Rhodophyta, and Chlorophyta (Fig. 3a). There were also
a considerable number of reads from microinvertebrates,
including Arthropoda, Nematoda, and Platyhelminthes.
Most algal and microinvertebrate phyla were detected in
each gut content sample (Supplemental S2). Morphological
identification revealed turf algae and detritus in the gut of all
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eight fish species from the five feeding guilds (Fig. 3b). Turf
algae were abundant in the gut contents of the concealed
cropper (Z. velifer) and turf algal croppers (A. japonicus, A.
triostegus, A. nigrofuscus). As expected, detritus was abun-
dant in the gut contents of C. striatus, whereas less detritus
was found in other species. A considerable number of the
microinvertebrates were found in the gut of territorial farmer
(P. fasciolatus).

Dietary dissimilarity

The NMDS plot of dietary composition based on the
Morista—Horn and Jaccard distance of the genus-level read
proportion of gut contents revealed differences both across
and within feeding guilds (Fig. 4a, b). Both the abundance
and incidence read data showed that C. striatus was the
most heterogeneous relative to other fishes (Fig. 4a, b).
Samples from other species showed greater separation

(Fig. 4c, d). Similar to the results based on molecular data,
isotopic niches were distinct across feeding guilds, par-
ticularly for Z. velifer and P. fasciolatus (Fig. 4e). Scarus
globiceps had the largest isotopic niche, followed by C.
striatus (Fig. 4e and Supplemental S3). Isotopic niches
(convex polygons) were much closer amongst scrapers,
C. striatus, and turf algae croppers, with an obvious
overlap on 95% prediction ellipses (Fig. 4e) between C.
striatus and the two parrotfishes (overlapping area ranges
2.85~4.74%0°, Supplemental S3). In addition, the overlap-
ping area of 95% prediction ellipses for turf algae crop-
pers with scrapers and C. striatus ranges 0.92 ~ 1.53%0°
and 0.58 ~ 1.94%.°, respectively (Supplemental S3). Spe-
cies within the same group showed high niche overlap,
such as S. globiceps vs. S. schlegelii and A. japonicus vs.
A. triostegus (Fig. 4e and Supplemental S3). However,
except for the overlapping area between C. striatus and
parrotfishes, the overlapping area of the prediction ellipse
between the other group pairs was smaller than 30% of
the total area.
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Fig.4 Non-metric multi-dimensional scaling (NMDS) plot and die-
tary niche of eight common fish species from five feeding guilds.
Non-metric multi-dimensional scaling ordination of the gut content
of species derived from molecular identification were computed using
the abundance-based Morista—Horn metric a and incidence-based
Jaccard metric b. NMDS ordination excluding Ctenochaetus stria-
tus using Morista—Horn ¢ and Jaccard d metrics. e Isotopic niche

breadth of fishes was measured based on the variations in 8'*C and
85N values and the total polygon area (dotted polygon); solid circle
represents the 95% confidence interval, which indicates the potential
isotopic niche. Different fish species are distinguished by different
colours and symbols as shown in the upper right, and the same colour
indicates the same feeding guild
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Trophicinteraction

Dietary networks were reconstructed between fishes and
the 107 dietary genera (Fig. 5, Supplemental S4). However,
nearly 70% of the genera could only be detected in a single
species or feeding guild, and only one genus was shared
among the five feeding guilds. Sphacelaria (#69) was the
most common genus shared by all the feeding guilds (Fig. 5,
Supplemental S4). Brown algae (Sphacelaria, #69), green
algae (Parvocaulis, #35), microalgae (Gloeodinium, #45;
Prorocentrum, #48; Symbiodinium, #50), and red algae
(Jania, #91; Parviphycus, #94) were commonly detected
in the gut contents of detritivorous brusher (C. striatus),
scrapers, and turf algae croppers (Supplemental S4). The
main genera in the gut contents of scrapers and C. striatus
were microalgae, such as Prorocentrum and Symbiodinium.
The gut contents of turf algae croppers were dominated by
Ochrophyta genera, such as Sphacelaria. Both C. striatus
and the territorial farmer (P. fasciolatus) showed a complex
gut composition, including microinvertebrates and algae, but
they shared few genera. The gut contents of the concealed
cropper (Z. velifer) were dominated by Rhodophyta genera,
which was the main taxon shared with other fishes.

Fig.5 Network diagram based on the sequencing data of fish gut
contents. Nodes are either a genus of dietary items or a fish feeding
guild. Genus node size is proportional to the relative read abundance,
and edge thickness is weighted by the abundance of that genus found
within feeding guilds. The abbreviations for the different guilds are
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Discussion

Nominally herbivorous reef fishes exhibit various foraging
patterns (Choat and Bellwood 1985; Robertson and Gaines
1986; Montgomery et al. 1989; Rasher et al. 2013), sug-
gesting that they may have divergent nutritional demands
and ingest different food items from reefs (Choat et al.
2002; Crossman et al. 2005; Clements et al. 2017; Tebbett
et al. 2017a, 2022; Nicholson et al. 2020). However, many
previous studies have relied on a single dietary analysis
method to investigate the diets of nominally herbivorous
fishes, which may result in a limited understanding of the
differences in their resource use. We utilized a combina-
tion of different techniques, including gut content DNA
metabarcoding, morphological identification, and stable
isotope analysis, to comprehensively assess the dietary dif-
ferences of several fish species that are typically consid-
ered herbivorous. We found that different herbivorous reef
fishes utilize a diverse range of food resources, and our
study showcases the value of using multiple approaches
to uncover these dietary differences.

Algae
@ Ochrophyta
@ Rhodophyta
@ Chlorophyta
O Dinoflagellata
O Bacillariophyta

Invertebrates
QO Arthropoda
@ Nematoda
O Annelida
O Platyhelminthes
@ Mollusca
© Echinodermata
O Bryozoa
@ Cnidaria

@ Others

as follows: scrapers (SC), turf algal croppers (TC), detritivore brusher
(DB), territorial farmer (TF), and concealed cropper (CT). Colour for
both panels represents food taxa. Taxonomic information and relative
read abundance of gut content sequences are shown in Supplemental
S4
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Dietary targets of the studied fish species

Identifying the gut contents of C. striatus can be challenging
due to the complex nature of their dietary sources and the
high level of mechanical digestive processing (Choat et al.
2004). Previous studies have often classified the gut contents
of C. striatus into broad morphological categories, such as
turf algae, macroalgae, sediments, and other unidentified
materials (which are mostly categorized as detritus) (Kelly
et al. 2016; Tebbett et al. 2017a). Microbes and microalgae,
which are often categorized as detritus, can also serve as
a potential nutritional source for C. striatus (Tebbett et al.
2017a, b). However, most current studies have not identi-
fied the specific species of these cryptic organisms, instead
grouping them together as detritus. With the advantages
of high-throughput sequencing sensitivity, a wide range of
organisms have been detected in the gut contents of C. stria-
tus. However, some detected organisms may not represent
the targeted food of a given fish but be occasionally ingested
by the sampled fishes, and real food items should dominate
in gut content sequencing (Deagle et al. 2019). Therefore, a
threshold of 1% was used to exclude the background noise in
the present study. Even so, gut content sequencing revealed
considerable overlap between C. striatus and other fishes
(Figs. 4a, b). Ctenochaetus striatus is likely to ingest debris
or early algal settlers from the same substrates exploited by
other fishes or algal material from the faeces of other fishes
(Tebbett et al. 2022) and assimilate these debris. Overlaps
in diet may also be mitigated by feeding on multiple species
from different features within the same area (Adam et al.
2015).

Multiple lines of evidence suggest that most parrotfishes
are considered to be 'microphages', and their capacity for
bioerosion on reefs appears to be a result of targeting pro-
tein-rich autotrophic microorganisms that live on or within
calcareous substrata (Clements et al. 2017; Nicholson and
Clements 2023). Our results showed that the nitrogen values
for parrotfishes (S. globiceps and S. schlegelii) are depleted.
This supports the suggestions of Clements et al. (2017), who
suggest that these fishes are possibly targeting cyanobacte-
ria. The lower relative read abundance of macroscopic algae
and higher read abundance of dinoflagellate in gut contents
of parrotfishes also indicated that the dietary targets are
microorganisms instead of the turf algae or EAM as a whole
(Fig. 3a). Nicholson et al. (2020) found the only consistent
feature across all parrotfishes biting cores was high density
of filamentous cyanobacteria. Unfortunately, our molecular
data do not include prokaryotes, especially for cyanobacte-
ria. Therefore, we are unable to provide the exact species of
cyanobacteria ingested by parrotfishes in the present study.

The territorial farmer (P. fasciolatus) ingested a certain
amount of zooplankton and algal detritus (Figs. 3 and 5)
with the highest 8'°N values (Fig. 4e). Indeed, territorial

farmers show limited herbivory on benthic algae (Ceccarelli
et al. 2005), and their diets mostly constitute detritus rather
than algae (Wilson and Bellwood 1997). As documented
in previous studies (Choat et al. 2002; Tebbett et al. 2017b,
2022), turf algal croppers (Acanthurus spp.) mainly fed on
turf algae, and also found that they ingest the brown algae
Sphacelaria. Sphacelaria was the only genus detected in
all the feeding guilds (Fig. 5, Supplemental S4), and can be
the dominant algae on well-grazed turfs (Carpenter 1986).
Sphacelaria is widely distributed in the southern part of the
SCS (Draisma et al. 1997), possibly resulting in abundant
living forms, detritus, or DNA in the studied reefs. Zebra-
soma velifer has generally been viewed as a macroalgae
browser due to the large quantities of macroalgae detected
in its gut contents (Hiatt and Strasburg 1960; Robertson and
Gaines 1986; Clements et al. 2017). Tebbett et al. (2022)
classified Zebrasoma as concealed croppers due to their
morphology and behaviour which suggested they may target
different types of algae to macroalgal browsers. Indeed, in
our study, the gut contents of Z. velifer predominantly con-
tained turf algae rather than foliose algae (Fig. 3). In addi-
tion to morphological identification, DNA metabarcoding
analysis indicates that red algae were the predominant type
of algae consumed by Z. velifer (Fig. 5). This is not surpris-
ing, as red algae are a common group of algae that form
algal turfs on reefs (Scott and Russ 1987; Harris et al. 2015).

New insights from a multi-method approach
to dietary analysis

Using multiple different methods helped reveal the preva-
lence of dinoflagellates in the gut contents of parrotfishes
and C. striatus (Fig. 3a). Parrotfishes and C. striatus over-
lapped both in gut content sequencing and isotopic niche
(Fig. 4a, b, e), and the major shared species were from
Symbiodinium and Prorocentrum (Fig. 5). Both the ‘brush-
ing’ and ‘scrapping’ feeding modes can remove microalgae
(e.g. diatoms, dinoflagellates, and cyanobacteria) from reefs
(Tebbett et al. 2017a, 2017b). These microorganisms likely
serve as nutrient sources for both C. striatus and parrot-
fishes (Marshell and Mumby 2012; Clements et al. 2017).
A considerable overlap in isotopic niche between C. striatus
and parrotfishes may be the result of both fishes consuming
dinoflagellates (Fig. 4e and Supplemental S3). Moreover,
Symbiodinium is a dinoflagellate commonly found in coral
reef ecosystems as a symbiont (Hatcher, 1988). It is also
found free living in sediments (Takabayashi et al. 2012;
Quigley et al. 2017). The relatively high abundance of Sym-
biodinium in the gut contents of parrotfishes and Ctenochae-
tus may be attributed to the amount of sediment/sand these
fishes consume when feeding (Fig. 3b). It is important to
verify whether the Symbiodinium found in the fish gut con-
tents is obtained from corals or from other natural sources.
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Prorocentrum often coexist with filamentous algae and may
occasionally be consumed by surgeonfishes (Kohler and
Kohler 1992). This dinoflagellate has been linked to Cigu-
atera (Faust 1991; Richlen and Lobel 2011). Ctenochaetus
striatus is considered ‘high risk’ for Ciguatera poisoning
(Mak et al. 2013; Rongo and van Woesik 2013) and a pri-
mary vector of toxins produced by benthic dinoflagellates
(Yasumoto et al. 1976; Lewis 2006). Considering our limited
understanding of Ciguatera in reef ecosystems, the presence
of Prorocentrum in the gut contents of parrotfishes and C.
striatus may help guide further research on the trophic trans-
fer of Ciguatera in coral reef ecosystems.

Interestingly, a considerable proportion of microinverte-
brates, such as crustaceans and nematodes, were also found
in the fish gut contents (Figs. 3, 5). Microinvertebrates are
abundant in EAM (Kramer et al. 2012). Consequently, when
reef fishes ingest benthic algae or EAM from a reef base,
they may also consume a significant number of benthic
microinvertebrates (Kramer et al. 2013). However, their
trophic utilization by herbivorous reef fishes has received
limited attention, which means that their potential to be an
energy resource for herbivorous fishes has been largely over-
looked (Tebbett et al. 2023). The possibility of microinverte-
brates being regularly consumed by nominally herbivorous
fishes and their potential contribution to the nutritional ecol-
ogy of herbivorous fishes needs to be explored further. Over-
all, our multi-method approach to dietary analysis provided
new insights into the diets of these fishes and suggests that
traditional classifications of fish as herbivorous or carnivo-
rous may not accurately reflect the complexity of their diets.

Value in a multi-method approach to dietary
analysis

Using DNA metabarcoding can enhance the resolution of
taxonomic information on dietary targets, as suggested
by Deagle et al. (2019), allowing identification of specific
taxa involved in dietary partitioning with greater precision
than conventional visual methods (Leray et al. 2015, 2019).
Approximately, 70% of the genera found in the gut contents
were only present in one species or feeding guild (Fig. 5,
Supplemental S4), indicating a high level of dietary speciali-
zation. Similar results have also been reported for other reef
fishes (Leray et al. 2015, 2019; Brandl et al. 2020). Leray
et al. (2015) found that nearly 80% of prey items consumed
by only one predator based on the results of gut content
metabarcoding. Casey et al. (2019) demonstrated a detailed
trophic network with a high degree of resolution, revealing
fine-scale partitioning among various reef fish species. It
is important to note that DNA sequencing may not be able
to differentiate between living and dead organisms that are
ingested by fishes. To ensure the accuracy of the results, it
is necessary to verify the possible sources of the detected
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DNA sequences through other methods (Pompanon et al.
2012). By combining stable isotope analysis and gut con-
tent analysis, we can increase the confidence and reliability
of our findings. By combining stable isotope analysis and
morphological identification, the detected dietary overlap
of C. striatus with other fishes through gut content metabar-
coding may be due to interference from debris of algae or
other organisms. In addition, the isotopic analysis showed
a considerable overlap in isotopic niche between C. stria-
tus and parrotfishes (Fig. 4e and Supplemental S3). DNA
metabarcoding analysis detected a relatively high abundance
of dinoflagellates in the gut contents of parrotfishes and C.
striatus (Figs. 3a and 5), and standard gut content analysis
revealed a significant presence of sand in the gut contents
of both species (Fig. 3b). Therefore, it is likely that dino-
flagellates or other microalgae associated with sediment/
sand contribute to the isotopic overlap observed between C.
striatus and parrotfishes. Our study highlights the benefits
of combining metabarcoding (a high-resolution snapshot)
and stable isotope analysis (long-term trophic position) to
comprehensively capture the dietary differences among
reef fishes. This approach can provide reliable results and
improve our understanding of reef fish trophic ecology. It
is worth noting that other methods may also provide valu-
able information. One such method is fatty acid analysis,
which is primarily used to assess basal food sources (such as
bacteria, detritus, diatoms versus dinoflagellates) (Crossman
et al. 2005; Clements et al. 2017). Fatty acid analyses can
provide information about the quality and nutritional value
of different food sources (Pethybridge et al. 2018). Analysis
of the short chain fatty acid composition in the gut fluid of
nominally herbivorous fishes also indicates that they exhibit
major differences in their primary targeted food resources
(Crossman et al. 2005; Clements et al. 2017).

Limitations and future work

It is important to note that while the multi-method approach
used in this study allowed for a comprehensive analysis of
dietary differences, the molecular data obtained did not
include prokaryotes, particularly cyanobacteria. This is
because the DNA metabarcoding approach used in this study
focused on the identification of eukaryotic organisms. As a
result, any cyanobacteria present in the gut contents would
not have been detected using this method. It is possible that
cyanobacteria may have been an important component of
the diet of some of the herbivorous fishes in this study. It
is important to carefully distinguish cyanobacteria ingested
by fishes from other microbial taxa present in the fish gut
and environment, as not all of these may be dietary targets.
Therefore, future studies should consider using additional
methods to specifically target cyanobacteria DNA in gut
contents to obtain a more comprehensive understanding
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of the dietary composition of these fishes (Nicholson and
Clements 2020, 2023). Few diatoms were detected in the
present study, perhaps because their cell structures were
destroyed during digestion(Choat et al. 2004) or because
of the different DNA recovery rates between diatoms and
dinoflagellates from frozen samples (Maki et al. 2017).
Therefore, neglecting cyanobacteria and other autotrophic
microorganisms may lead to an underestimation of the die-
tary niche of parrotfishes compared to other fish species.
As a result, the actual differences in dietary niche between
parrotfishes and other fish species may be higher than cur-
rently estimated in our study. Another limitation is the rela-
tively low sample size for some species, which may have
influenced our results and interpretation. In particular, there
may be substantial variation in diets across sites for species
sampled from multiple locations that are not captured in
our analysis. This may result in a lower dietary diversity
and narrower trophic niche being observed compared to the
actual feeding habits of these fishes in the wild. This high-
lights the need for larger sample sizes and more extensive
sampling across sites to fully understand dietary variation
in these fishes. The size of individuals sampled, especially
for parrotfishes, was also relatively small, averaging 10-11
cm. This may have shaped our results given that the diet of
some fishes can change throughout ontogeny (Plass-Johnson
et al. 2013). Future studies should consider sampling larger
individuals to determine how the diet of these fishes changes
over time. Lastly, the present study was restricted to a few
fish species, which only represent the dominate species of
herbivorous fishes in SCS. To enhance our comprehension
of the utilization of resources by herbivorous fishes in coral
reef ecosystems, it is important to include more fish species
in future studies.

Conclusions

Through the integration of stable isotope analysis, morpho-
logical identification, and DNA metabarcoding, our study
revealed substantial dietary partitioning among nominally
herbivorous fishes. DNA metabarcoding revealed diverse
algae categories (Ochrophyta, Rhodophyta, and Chloro-
phyta) in the gut contents of sampled fishes with high taxo-
nomic resolution, as well as some microscopic and cryptic
taxa, such as dinoflagellates and microinvertebrates. Our
study found that the overlap of 95% prediction isotopic
niches among feeding guilds was generally less than 30%
of the total area, and nearly 70% of the genera were exclu-
sively detected in the gut contents of a single species or
feeding guild. While gut content metabarcoding has limita-
tions in distinguishing between living organisms and detritus
in diets, our study proposes a solution. By integrating sta-
ble isotope analysis and morphological identification with

metabarcoding, we found that the observed overlap detected
by metabarcoding between detritivore brusher C. striatus
and other fishes may be attributed to interference from debris
of algae or other organisms. This combined approach allows
for a more accurate understanding of the dietary differences
among nominally herbivorous fishes. While each method has
its own limitations in dietary analysis, our study suggests
that an integrative, multi-tool approach can remedy the limi-
tations of one method by utilizing the strengths of another.
Our results show a wide spectrum of resources on coral reefs
could be utilized by different fish species in a complemen-
tary manner. However, our study also has important limita-
tions that need to be addressed in future research, including
the need for larger sample sizes and improved techniques for
dietary analysis. By improving our techniques for dietary
analysis and increasing sample sizes, we can gain a more
complete understanding of the nutritional resources of these
fishes and how they contribute to the functioning of coral
reef ecosystems.
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